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Abstract 
With habitat destruction and invasive species comes the loss of biodiversity and 
ecosystem function. Animal translocations and reintroductions are one of the key 
options available to conserve and restore wildlife populations and ecosystems. 
Translocation is relatively new within the broader context of conservation and has 
only become a commonly used scientific tool within the past 40 years, as such, 
there are no definitive guidelines for best practice. Wildlife translocations and 
reintroductions are complex, expensive, and time-consuming, often meaning that 
many of them fail to establish viable populations. The low success rate has been 
attributed to inadequate knowledge of species-specific behaviour, poor release 
site selection, environmental pressures, predation, competition and stress. 
Monitoring populations after reintroduction is important to identify the success 
or potential causes for failure, to adapt and improve management strategies. 
Ideally, successful translocation is indicated by the ability of the translocated, or 
augmented population, to become self-sustaining, free-ranging and viable in the 
long term. 
The Bush Rat Project was the first study to translocate and reintroduce the native 
bush rat (Rattus fuscipes) into Sydney Harbour National Parks (SHNP) in an 
attempt to restore the ecosystem and reduce invasive species (black rat, Rattus 
rattus) populations. 100 bush rats (60 females and 40 males) were released in 
August 2011 into four sites in SHNP. Bush rats were released in familiar groups 
and 20 animals were radio tracked for two months. Nine trapping sessions were 
conducted, the last in May 2014. Ear tissue was taken from all bush rats for use in 
microsatellite genetic analysis. Sibships and parent-offspring relatedness were 
determined through this process. Prior to bush rat release each of the four sites 
were intensively trapped for ten nights to remove black rats. Using these methods, 
factors that influenced bush rat translocation success were examined, including 
sex, body condition, weight, virus status, dispersal and establishment of home 
range, genetic relatedness and structure. These factors were assessed in relation 
to population dynamics and survival rates, breeding success and habitat. Possible 
biological control of an invasive species via competition was also examined by 
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comparing persistence of bush rats to number of black rats, avoidance patterns 
and spatial segregation. 
Success of translocation in this study can be shown through sex, reproduction, 
body condition, habitat suitability, site fidelity, relatedness and competition. In the 
initial stages (within the first year), populations of bush rats had established on 
all sites and juvenile recruitment occurred, indicating survival, growth and 
evidence of reproduction. Over the entire study period bush rats persisted in three 
of the four sites but the remaining numbers were low (less than the numbers 
released), thus maintaining a viable, self-sustaining population would be difficult. 
Although animals remained after three or four generations, long-term persistence 
could be affected by major environmental change or demographic stochasticity if 
populations remain small. 
The most successful site that persisted the longest had the highest recapture rate, 
juvenile recruitment, resident individuals and it retained and recruited the most 
females. It was also the site with significantly lower body condition and weight 
(BCI < 1) and significantly higher habitat complexity (Quadrant Cover). These two 
qualities could be considered as important for a successful translocation. Good BCI 
indicates older and possibly more dominant individuals, thus, translocation 
fitness could be negatively correlated with previous social ranking and age. Age 
and the stress resulting from handling and translocation could have caused 
premature death. Combined with the bush rat’s short life cycle, it could be 
beneficial to choose younger individuals for the translocation process. Quadrant 
Cover would increase chances of survival for bush rats unfamiliar with the area, 
as it is the degree of concealment microhabitats provide from visual predators or 
competition. There were positive correlations between habitat complexity and 
bush rat numbers, which confirms the need for suitable dense habitat once the 
bush rat has established in an area and juvenile recruitment is occurring. 
Quadrant Cover, canopy height, soil moisture, leaf litter depth and plant ground 
cover were all important to bush rat survival. Bare ground cover had a negative 
relationship with bush rat occupancy. It is essential for successful reintroductions 
to find suitable environments that can meet a species’ habitat requirements. 
Species considered for reintroduction may lack their original habitat types or lack 
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unaltered habitat (e.g. due to human land use). Therefore translocating to areas 
with suitable habitat could increase the chances of a sustainable population. 
Translocation disrupted typical movement behaviour of bush rats reintroduced 
into SHNP. Bush rat movement was greater when compared to earlier research, 
indicating site fidelity was affected by translocation. Animals were dispersing 
extensive distances, resulting in poor juvenile recruitment and population growth 
on release sites. It was most likely a flight response due to the stress of being 
released into an unfamiliar environment. Further, low densities of conspecifics 
will lead to larger ranges because of difficulty in finding suitable mates in low 
density populations. Larger studies with continued monitoring need to be 
implemented to help in evaluating future success of the populations. Trapping in 
larger areas (outside of trapping grids) and extending the radio tracking period 
may have shown bush rat persistence and whether the effect of the translocation 
is limited to a certain time period after release.  
Proximate bush rats were more genetically alike than more distant animals, with 
a high degree of relatedness amongst animals captured close together. That is, the 
closer the bush rats were caught at the source sites, the more likely it was that 
they would be related. Genetic analysis was complimentary to trapping, adding 
data that would have otherwise been missed. Trapping alone underestimated the 
number of bush rats remaining by approximately 25%. Genetic analysis helped 
detect bush rats that were not trapped and had dispersed after translocation, as 
they had produced offspring in other locations. The bush rats released in SHNP 
were polygamous with both sexes sharing offspring with multiple partners. But 
there was no clear indication of a structured female or male breeding hierarchy in 
the populations; where a small number of animals produce the majority of 
offspring. This is unusual for bush rats, however, translocation and dispersal could 
have influenced the structured hierarchy. The establishment of a new hierarchy 
after translocation may have allowed more females to breed in a closer proximity 
to each other. Females were tolerating each other and allowing home 
range/breeding overlap. Perhaps leading to re-establishment of a hierarchy with 
multiple females breeding at once, as the first female to breed is usually the 
dominant in the area. Continued monitoring may have indicated whether bush 
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rats are able to adapt to a changing environment and be flexible with social 
structure to regain population density. Further genetic testing could also lead to a 
better understanding of social structures and mating systems. 
There was no significant relationship between the persistence of bush rats and the 
number of black rats. Neither species regained their initial numbers from spring 
2011 (number of black rats removed or number of bush rats released), but after 
one year, with the combined numbers of both species, two of the sites had 
numbers close to the total number of black rats removed. Overall, bush rat 
numbers remained low so they did not gain residency advantage in the sites and 
control black rat populations. There was some indication of interspecific 
avoidance, meaning both species were temporally segregated; occupying the same 
area but avoiding spaces where the other was previously detected. It appears that 
the two species were coexisting and partitioning microhabitat. Bush rats were 
more likely to occupy traps than black rats, and the detection of one species was 
affected by the other. Habitat and resource partitioning are complementary 
mechanisms for interspecific coexistence; but only if the site has adequate 
resources to support both species. Continued removal of black rats from the 
system may allow bush rats to establish territories, increasing population 
densities and possibly indicating whether interspecific competition is a viable 
option for the control of invasive species in SHNP.  
Common species are important in ecosystem structure and function. Declines in 
their abundance and distribution can lead to loss of less common species and 
ecosystem function. Wildlife restoration and thus ecosystem function can be 
restored to ecosystems that are biodiversity poor or have a high element of 
invasive species. Wildlife restoration increases the functional diversity of remnant 
habitats, making them more resistant to invasion. As well as being far more cost-
effective than reactive management in reversing declines, this proactive approach 
also helps to determine underlying mechanisms that are required for successful 
translocation, thus, producing best practice for the reintroduction of rarer species.  
Bush rat reintroduction into SHNP uses the wildlife restoration concept to 
reintroduce a common species to restore ecosystem function, increase 
biodiversity and control invasive species. Bush rats are good candidates for 
 xviii 
 
translocation and reintroduction, because they are adaptable and not endangered, 
therefore can be safely used for multiple reintroductions. Bush rats existed in 
SNHP as recently as 100 years ago and have conspecifics close by in comparable 
habitats. They can be sourced from original sites and usually display a rapid 
population recovery. Therefore bush rat characteristics make them ideal for 
investigating translocation, colonisation, recovery and competition, within a 
fragmented habitat. The sites in this study are too new, therefore more 
introductions to stabilise population would assist bush rat persistence if changes 
in the environment occur. This is supported by other studies that have shown that 
repeated releases of large numbers of individuals were generally required to 
successfully establish a translocated population and create a self-sustaining 
ecosystem where minimal intervention is required.  
Wildlife restoration via bush rats creates a situation in which less resources need 
to be invested in ecological management, as the environment will eventually be 
capable of self-maintenance. Thus, creating a self-sustaining ecology that does not 
require further interventions. By reintroducing locally-extirpated animals into 
modified landscapes, wildlife restoration is a proactive approach that will 
maintain biodiversity, ecosystem function and avoid future species decline.
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1.1 ECOSYSTEM RESTORATION AND TRANSLOCATION 
Degradation of habitats and fragmenting landscapes are causing the decline of 
species and biological diversity worldwide (Griffith et al. 1989). Due to this, and 
with the introduction of predators such as the red fox (Vulpes vulpes) and feral cat 
(Felis catus), many Australian native species have experienced a high rate of 
decline or even extinction (Kingsford et al. 2009; Ford et al. 2001; Bennett et al. 
2012). This decline has been seen across mammal, bird and amphibian taxa (Short 
and Smith 1994; Ford et al. 2001; Murray and Hose 2005; Bennett et al. 2012). 
With these pressures and other anthropogenic impacts (including climate change) 
an increasing number of species require direct human assistance to maintain 
demographically and genetically viable populations, persist in areas where 
conditions are suitable, and extend past their natural range (Carter et al. 2017; 
Griffith et al. 1989; Batson et al. 2015). 
Habitat restoration is fundamental to recovering both species and ecological 
processes in Australia. Restoration ecology has traditionally focused on restoring 
vegetation, assuming that native fauna will then return with ecosystem function. 
However, if the habitat is fragmented then translocation of wildlife may be 
required, especially for species with limited dispersal abilities (Griffith et al. 1989; 
Carter et al. 2017; Bennett et al. 2012). Increased rates of species extinction have 
required management to conserve biological diversity and translocation has 
become an increasingly important conservation technique in the management of 
wild populations (Griffith et al. 1989; Letty et al. 2000; Seddon et al. 2007; Bajomi 
et al. 2010; Bennett et al. 2012). 
Translocation involves the deliberate movement of wild individuals or 
populations from one part of their range to another, in an attempt to establish, re-
establish, or augment a population (IUCN 1998; Griffith et al. 1989) and may 
involve wild-caught or captive-bred animals and consist of more than one release. 
Translocation can recover declining populations, restore locally extinct species or 
allow the creation of new wild populations (Griffith et al. 1989; Bakker 2006; 
Dickens et al. 2010; Short 2009). Also, it may be used to move sensitive species 
from habitats that are degraded due to human development (Field et al. 2007), 
and can reduce human-wildlife interactions and conflicts (Fritts et al. 1984; 
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Sullivan et al. 2004; Fischer and Lindenmayer 2000; Seddon et al. 2007). 
Translocation can be divided into three categories, introduction, reintroduction, 
and restocking (IUCN 1998; Short 2009). 
Introduction is the intentional (or accidental) dispersal of a species outside their 
native range (IUCN 1998; Short 2009; Seddon et al. 2007). Historically, this type 
of translocation has been used for aesthetic reasons, biological pest control, to 
establish new food resources and to create satellite populations to reduce the risk 
of species loss (Griffith et al. 1989; Green 1997; Seddon et al. 2007). The IUCN 
guidelines have recently been updated to include ‘assisted colonisation’, as species 
may need to be moved to new locations for their long-term survival (IUCN 2013; 
Carter et al. 2017). Also, the potential for ‘ecological replacements’ in situations 
where key species are lost from an area and cannot realistically be restored (IUCN 
2013; Carter et al. 2017). Reintroduction is the intentional movement of a species 
back into its former native range from which it has been extirpated or become 
extinct (IUCN 1998; Bennett et al. 2012; Short 2009). Restocking is the movement 
of a species with the intention of increasing numbers of populations already 
occupying the original habitat (IUCN 1998; Short 2009). This is often used to 
augment depleted populations and strengthen genetic heterogeneity of small 
populations (Nussear et al. 2012; Seddon et al. 2007; Bajomi et al. 2010; Sheean et 
al. 2012). 
1.1.1 Factors Driving Translocation Success 
Translocations can be complex, time consuming and expensive to complete at a 
high standard (IUCN 2013; Batson et al. 2015). Because of this, translocation of a 
number of species has had varying (often low) levels of success; success being the 
creation of a self-sustaining population (Griffith et al. 1989; Dickens et al. 2010; 
Letty et al. 2000; Field et al. 2007). Out of nearly 500 translocations, which 
included invertebrates, fish, reptiles, amphibians and mammals, fewer than half of 
the translocation efforts were successful (Griffith et al. 1989; Wolf et al. 1996; 
Seddon et al. 2007; Sheller et al. 2006). 
The period directly after release is usually the most crucial for the animal’s 
survival and thus successful population establishment (Armstrong and Seddon 
2008; Dickens et al. 2010). A variety of factors can contribute to translocation 
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failure including decrease in reproductive capacity (Wolf et al. 1998; Dickens et al. 
2009), dispersal from the reintroduction site (Griffith et al. 1989; Miller et al. 
1999; Coates et al. 2006), stress (Letty et al. 2000; Teixeira et al. 2007; Chipman 
et al. 2008), increase in disease (Hartup et al. 1999), predation (Banks et al. 2002; 
Van Zant and Wooten 2003) and competition by pest species (Richards and Short 
2003; Short et al. 1992; Gibson et al. 1994; Southgate and Possingham 1995). 
Other factors include overgrazing by livestock and introduced herbivores, and 
poor fire management (Martin and McDonald-Madden 2011; Short 2009; 
Richards and Short 2003). In some instances translocation can be very successful, 
with the translocated population increasing to high densities and having major 
impacts on the surrounding species and ecosystem (Mueller and Hellmann 2008; 
Ricciardi and Simberloff 2009; Sandler 2010). Thus, valid concerns, both 
biological and political, are associated with the translocation of wildlife (Berry 
1986; Dodd and Seigel 1991; Tuberville et al. 2005). 
Definitions of successful translocations are variable and determining definitive 
success can involve lengthy studies (Fischer and Lindenmayer 2000; Seigel and 
Dodd 2002). Different species vary significantly in their suitability for 
translocation due to behavioural and ecological characteristics, such as mobility 
within the landscape, genetic issues, susceptibility to disease, and conservation 
status (Griffith et al. 1989; Wolf et al. 1996; Carter et al. 2017). Many birds have 
the ability to move across habitats despite fragmentation and reach areas 
naturally if conditions are suitable. Translocations may be required for 
reintroduction of locally extinct species or birds with poor ability to recolonise 
independently (Carter et al. 2008). In contrast, most amphibians and reptiles, and 
many mammals are not highly mobile, and for some species dispersal is 
exceedingly problematic (Bright 1993; Cushman 2006; Carter et al. 2017). 
The primary factors associated with translocation successes are 1. Good quality 
and suitable habitat, with the presence of refugia, 2. Location of release area (e.g. 
inside the core native range), 3. Large number of animals released, 4. Duration of 
translocation program, and 5. Reproductive traits (Griffith et al. 1989; Wolf et al. 
1996; Sheller et al. 2006; Tuberville et al. 2005). Other important factors to take 
into consideration are the identification and control of the original causes for the 
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decline of the study species (Bennett et al. 2012; Griffith et al. 1989). Additionally, 
high genetic diversity, low competition, herbivorous or omnivorous diet (Griffith 
et al. 1989), behavioral traits and species-specific attributes (Armstrong and Craig 
1995; Clarke and Schedvin 1997; Van Zant and Wooten 2003). Translocation of 
intact social groups has also been shown to increase success rates of 
reintroductions in some instances (Shier and Owings 2006; Bennett et al. 2012). 
Comprehensive planning prior to translocation is critical for successful 
conservation goals and reducing the risk of unintended consequences (IUCN 
1998; Tuberville et al. 2005). The science of reintroduction biology is rapidly 
developing, with conservation managers beginning to view translocations more 
creatively than simply restoring populations (Seddon et al. 2014). As knowledge 
increases, researchers can work with more challenging species and help to ensure 
risks inherent in species translocations are minimised (Seddon et al. 2007). To 
increase the success of translocation it is important to understand species-specific 
behaviour, traits, movement patterns and structure, both social and genetic 
(Dickens et al. 2010; Bakker 2006; Tarszisz et al 2014). Habitat type and condition, 
competition, predation and invasive species within the new environment also 
needs to be taken into consideration. 
1.2 INVASIVE SPECIES 
After habitat destruction, the second biggest threat to ecosystem restoration and 
biodiversity is invasive species (Macdonald and Thom 2001; Fasola et al. 2009). 
Introduced species can cause extinctions and displacement of native fauna 
through competition, predation, herbivory and disease (Stokes et al. 2009a; Banks 
and Smith 2015; Henderson et al. 2011; Vitousek et al. 1996; Karesh et al. 2007). 
Successful invasive species usually exhibit life history traits such as short 
generation times, opportunistic breeding, high fecundity and an opportunistic diet 
(McKinney and Lockwood 1999). They normally have a climate match between 
their original geographic range and the new one; a history of establishing invasive 
populations; and are able to live in modified landscapes (McKinney and Lockwood 
1999; Hart and Bomford 2006; Forsyth et al. 2004). Invasive species typically have 
few natural predators or fatal diseases, and as a result, their populations do not 
naturally decline and can reproduce quickly when conditions are favourable 
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(DSEWPC 2011; Bomford 2008), giving them a competitive advantage over native 
species (Stokes et al. 2009a).  
Pest species represent one of Australia’s greatest environmental problems. The 
cost of introduced pest species has been estimated at more than AU$743 million 
per year, excluding social, environmental, and long-term costs such as general 
ecosystem degradation (Gong et al. 2009; Hart and Bomford 2006; McLeod 2004; 
Invasive Animals CRC 2013). The control of vertebrate pests often involves 
conventional methods such as trapping, baiting, fencing and shooting, although 
these methods are often high energy and high cost (DSEWPC 2011). Due to their 
life history traits, reinvasion following pest control is the most common cause of 
failure in invasive species management (McLeod 2004; Invasive Animals CRC 
2013). A majority of the effort and money goes into preventing reinvasion 
(DSEWPC 2011). Despite attempts, no invasive pest species on mainland Australia 
has been successfully eradicated. It is imperative to find ways of controlling these 
species, therefore, mitigating their impacts through biological control may be an 
effective option to combine with traditional methods (Hart and Bomford 2006; 
Keller et al. 2007).  
1.3 BIOLOGICAL CONTROL 
Biological control typically involves active human management of a pest with the 
use of a natural enemy or biological control agent (Vincent et al. 2007). A biological 
control agent can be a natural predator, competitor, parasite, or disease-inducing 
bacteria or virus (DSEWPC 2011). There are three basic types of biological pest 
control strategies:  
1. Classical biocontrol is the introduction of a control agent into an area 
where it has not previously existed to provide long-term control of a pest.  
2. Inundative (or Augmentative) biocontrol involves the supplemental 
release of locally-occurring, natural control agents. This method increases 
the control agent’s population but usually needs to be repeated.  
3. Conservation biocontrol conserves or enriches a control agent already 
present in the environment. This is achieved through the manipulation of 
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the environment or through crop and pest management practices (Vincent 
et al. 2007). 
1.3.1 Competitive Biocontrol 
Another method to reduce reinvasion is competitive biocontrol. Competition may 
occur within or between species where individuals deprive others of resources, 
resulting in the reduction in growth, fecundity and survival (Begon et al. 1986; 
Glen and Dickman 2005). There are two broad categories of competition: 
exploitation or interference (Schoener 1983). Exploitation competition is when 
individuals use resources and deprive others of those resources (Schoener 1983; 
Glen and Dickman 2005). Whereas, interference competition is when individuals 
are directly antagonistic and thus exclude others from resources, for example, 
producing chemical deterrents or fighting (Schoener 1983; Glen and Dickman 
2005; Sih et al. 1985). If resources are separated, competition theory predicts two 
competing species can coexist, if there is no separation and the two species are 
within the same ecological niche, competitive exclusion predicts one species will 
exclude or eliminate the other (Gause 1934; Hardin 1960). The Sydney Bush Rat 
Project has investigated this form of competitive biological control, which uses a 
native mammal species to combat an invasive species. 
1.4 SYDNEY BUSH RAT PROJECT 
The Sydney Bush Rat Project was developed by combining ecosystem restoration 
via translocation of a native species and pest control via competitive biocontrol. 
The Sydney Bush Rat Project was a collaborative project which began in 2010, 
with the goal to bring native species back into Sydney Harbour National Parks 
(SHNP), reduce invasive species and recover the ecosystem. It involved partnered 
organisations Australian Research Council (ARC), Department of Environment 
and Climate Change (DECC), National Parks and Wildlife Service (NPWS), 
Landcare Research New Zealand, Rentokil, Australian Wildlife Conservancy 
(AWC), Taronga Conservation Society Australia (TCSA) and Mosman Council.  
The project was implemented to improve management of rodents by developing 
a new pest control method; using the reintroduction of a common native species 
(bush rat, Rattus fuscipes) to block the reinvasion of an invasive species (black rat, 
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Rattus rattus). This competitive biocontrol is a humane and ecological solution to 
control black rats without the prolonged use of poisons. Studies conducted 
previously have shown that densities of black rats are low in the presence of native 
rats and dominance depends upon a residency advantage (Stokes et al. 2009a, 
2009b). Thus, reducing black rat numbers and reintroducing bush rats may limit 
the reinvasion of black rats and restore the native ecosystem of SHNP. 
To understand competition processes Stokes and colleagues (2009b) 
experimentally reduced black rat numbers in littoral rainforest sites of Jervis Bay, 
Australia. Removal of black rats resulted in significant and sustained increases in 
populations of bush rats from immigration, juvenile recruitment and increased 
residency of females. Where the black rats were not removed juvenile bush rats 
were largely absent despite breeding in females. Body condition and reproduction 
of adult bush rats did not change with the removal of black rats, suggesting that 
direct competition was occurring through interference by black rats (Stokes et al. 
2009b). Relative abundance and distribution of the two species indicated 
competition but without one species being dominant. Therefore dominance is not 
asymmetrically species-specific as in other rodent communities, but site-specific 
and dependent upon residency (Stokes et al. 2009b; Stokes et al. 2012). Direct 
behavioural interaction between these two species has also shown that resident 
individuals (in small experimental enclosures) were dominant in their behaviour 
towards intruders, regardless of which species was resident (Stokes et al. 2012). 
Interactions between conspecifics was neutral or amicable and neither species 
reacted to the other’s odour in field experiments (Stokes et al. 2012). Therefore, 
direct aggressive interactions between bush rats and black rats in the wild may 
facilitate spatial segregation. Residency effects represent a novel mechanism by 
which the bush rat has the potential to limit the invasion success of black rats into 
native forests.  
1.4.1 Overview of Study Design 
The Sydney Bush Rats Project ran between 2010 and 2013 within 16 experimental 
sites located throughout headlands in SHNP bush reserves; including North Head, 
Dobroyd Head, Middle Head and Bradley’s Head (Figure 1.1). Sites were chosen 
because they were comparable in vegetation structure and fire regimes, with all 
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being adjacent to urban areas (Romero 2012; Benson and Howell 1990; Benson 
2011). The 16 sites were divided into four treatments, each treatment replicated 
four times: Pulse: once only removal of black rats; Press: continual removal of 
black rats; Reintroduction: once only removal of black rats and reintroduction of 
native bush rats; Control: no treatment. Treatments were allocated randomly 
within the 16 sites to avoid bias. Sites were 1ha grids and were separated by at 
least 500m for spatial independence (Figure 1.2). 500m is a suitable distance 
because bush rat movement is usually over short distances (Wood 1971); mean 
distance movement has been found to be as little as 35m to a maximum of 365m 
(Peakall et al. 2006; Wood 1971; Peakall et al. 2003). 
On all SHNP headlands, formerly common native small mammals, such as bush 
rats, are now absent (Banks et al. 2011a), whereas the black rat is abundant 
(Banks et al. 2011a; OEH 2015). Black rats were caught by live trapping with 36 
traps per site. Pulse removal sites were trapped for ten consecutive nights, and all 
black rat individuals removed from the site. Press removal sites were trapped 
initially for ten consecutive nights, and then for three nights each trap session to 
prevent black rat reinvasion. Control sites were trapped, but no rats were 
removed. Reintroduction sites were intensively trapped for ten consecutive 
nights, and bush rats were introduced one week later. In August 2011, 100 native 
bush rats were reintroduced into the four reintroduction sites in SHNP: Athol Hall 
(AH – Site 1), Middle Head (MH – Site 2), North Head 3 (NH3 – Site 3), and North 
Head 6 (NH6 – Site 4) (Figure 1.2).  
Bush rats were sourced from two populations approximately 35km North of 
Sydney: Muogamarra Nature Reserve and Ku-ring-gai Chase National Park 
(approximately 6km between the two sites). The source sites were chosen after 
detailed meetings and recommendations from the National Parks and Wildlife 
Services (NPWS) area managers and teams. NPWS have a working knowledge of 
the area, thus the sites were chosen because they had comparable habitat to the 
reintroduction sites and high densities of bush rats. To ensure bush rat numbers 
were not depleted, removal occurred for a maximum of five consecutive nights in 
any one area. 
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CONTROL 
 
No treatment. 
PULSE  Once only removal of black rats. 
PRESS 
 
Continual removal of black rats. 
REINTRODUCTION  Once only removal of black rats and reintroduction of native bush rats. 
 
Figure 1.1. Map of study area. Bush Rat Project conducted in Sydney, Australia. Experimental 
sites throughout headlands in Sydney Harbour National Park bush reserves; including North 
Head, Dobroyd Head, Middle Head and Bradley’s Head. 
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CONTROL 
 No treatment. BH (Bradley’s Head), CH (Chowder Head), GP (Grotto Point), 
NH5 (North Head 5). 
PULSE 
 Once only removal of black rats. CG (Clifton Gardens), TP (Tania Park), NH2 
(North Head 2), NH4 (North Head 4). 
PRESS 
 Continual removal of black rats. BI (Berry Island), HMS (HMAS Penguin), DH 
(Dobroyd Head), WR (Wellings Reserve). 
REINTRODUCTION 
 Once only removal of black rats and reintroduction of native bush rats. AH 
(Athol Hall - Site 1), MH (Middle Head - Site 2), NH3 (North Head 3 - Site 3), 
NH6 (North Head 6 - Site 4). 
 
Figure 1.2. Sydney Bush Rat Project treatment grids. The 16 sites were divided into four 
treatments, each treatment replicated four times. Sites were 1ha grids and were separated by 
at least 500m for spatial independence. This study focuses only on the four reintroduction 
sites (represented in pink). 
 
Monitoring of the populations was conducted by trapping both the bush and the 
black rats on the four reintroduction sites. Nine trapping sessions were conducted 
in total. The first, one month after release in September 2011 and every two 
months thereafter, the eighth trap session in October 2012. The ninth and final 
trapping session was performed 18 months after the eighth in May 2014. Each of 
the captured rats were micro-chipped and ear notched for identification. They 
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were also weighed, sexed, had their head length measured, reproductive status 
assessed and the condition of the animal was noted. 
1.5 BUSH RATS IN SYDNEY HARBOUR NATIONAL PARK 
The bush rat (Rattus fuscipes) is a native Australian rodent, found along the east 
coast of Australia. In the surrounding areas of Sydney (Royal, Ku-ring-gai Chase, 
Garigal and Lane Cove National Parks) the bush rat is abundant, unlike SHNP 
where they are absent (Cox et al. 2000; Heavener et al. 2014; Banks et al. 2011a) 
(Figure 1.3). Before reintroducing an animal into a previous range, the cause for 
their original demise should be determined. One theory as to why bush rats are 
locally extinct in SHNP is because of the plague, brought to Sydney by the black rat 
(Banks et al. 2011a). Bush rats that were not killed by the plague were killed by 
humans to rid Sydney of rats. Bush rats lost their residency in the isolated 
remnants of bushland and could not disperse due to urbanisation (Banks et al. 
2011b; Seebeck and Menkhorst 2000). The areas vacated by bush rats have been 
rapidly invaded by black rats dispersing from adjacent suburban populations. 
With the invasive black rats’ ability to thrive with humans, large populations have 
replaced native Australian species in SHNP. To assist bush rat success in SHNP, 
black rat numbers were reduced, foxes (a potential predator) were controlled by 
NPWS, and community awareness programs were initiated. Therefore, bush rat 
populations released into SHNP would not be constrained by pressures that may 
have caused previous local extinction. 
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Figure 1.3. Map of bush rat distribution around the Australian coast. Closer view of the 
distribution of bush rats in the Sydney region, New South Wales (NCRIS 2011). No sightings 
have been recorded within the bush rat reintroduction sites in Mosman or Manly. 
 
1.6 SCOPE OF THESIS 
The Sydney Bush Rat Project’s overall aim is to restore the mammal fauna of SHNP 
and in doing so, reduce vertebrate pest invasion. This study was the first 
translocation of a native species into SHNP. My contribution to the greater project 
focused on evaluating the bush rat translocation by looking at three elements that 
may influence the reintroduction success:  
1. Properties of the individuals  
2. Behaviour and social structure  
3. Competition  
This was achieved by monitoring the establishment process of bush rats, their 
social structure, interactions, reproduction and survival. For this reason, the four 
reintroduction sites (Athol Hall – AH, Site 1; Middle Head – MH, Site 2; North Head 
3 – NH3, Site 3; and North Head 6 – NH6, Site 4) were the only sites analysed for 
this thesis. The objectives of the reintroduction were to understand the factors 
involved that influenced the successful translocation of bush rats and to determine 
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the short and long term success of the reintroduction of native species. The study 
evaluates the importance of behaviour and ecology in the design of translocations. 
It could also assist in the future success of translocation projects by providing an 
insight into the selection of appropriate sites, animals and the reintroduction 
process itself. 
Chapter 2 will discuss the general methods used for this research with the 
overview of study species, where the population was sourced and released, 
habitat characteristics and general study design (release technique, monitoring 
and data collection). 
Chapter 3 will focus on factors influencing bush rat survival using occupancy and 
detection models, and survival over time. The aim is to assess the importance of 
species-specific traits and how they may influence translocation success. Changes 
of demography were determined, i.e. sex, body condition, weight and virus status, 
and were assessed in relation to survival rates, breeding success and habitat. 
Chapter 4 demonstrates how translocation often disrupts behavioural responses 
of animals. Using radio tracking and trapping data this chapter will describe 
patterns in the movement behaviour of translocated bush rats. It will determine 
whether survival is dependent on bush rats dispersal and establishment of home 
ranges. It also assesses whether dispersal is influenced by other factors like sex 
and weight.  
Chapter 5 determines the bush rats’ social response to translocation, 
understanding whether genetic relatedness and structure influences spatial 
structure, breeding and survival. Sibships and parent-offspring relatedness will be 
determined using genetic analysis of microsatellites and compared with survival, 
dispersal and virus status. It also discusses whether weight influences fecundity 
and social structure. 
Chapter 6 will discuss influences of competition on potential translocation success 
using presence modeling and trap association space use. Competition, avoidance 
patterns and spatial segregation will be examined by comparing persistence of 
bush rats to number of black rats. Spatial and temporal occupancy and detection 
of both species will also be examined. 
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Chapter 7 will be the final discussion and will bring together the findings of all 
chapters to look at the importance of species-specific traits, behaviour and 
external factors in the design of translocation research. It will then discuss the 
implications for reintroduction projects and the potential of translocation as a 
wildlife restoration and conservation tool.
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2.1 STUDY SPECIES 
A native Australian rodent, the bush rat (Rattus fuscipes) is a new endemic rodent 
that is widely distributed species, found in a variety of habitats on the east coast 
of Australia (Watts and Aslin 1981; Peakall and Lindenmayer 2006). Their 
habitats include rainforest, wet and dry sclerophyll forest, woodlands, scrub or 
heath, and sedge (Watts and Aslin 1981; Holland and Bennett 2010; Kraaijeveld-
Smit et al. 2007; Moro 1991). They favour areas with dense, structurally diverse 
vegetation and high litter cover, regardless of composition (Bennett 1993; Holland 
and Bennett 2007; Holland and Bennett 2011). Vegetation complexity provides a 
wide variety of dietary resources and the dense cover provides protection from 
predators (Bennett 1993; Holland and Bennett 2007). The bush rat is terrestrial, 
nocturnal and inconspicuous, nesting in burrows during the day (Watts and Aslin 
1981; Peakall and Lindenmayer 2006; Wood 1971). They are omnivorous, and will 
eat a range of seeds, fruit, fungi, plants and insects (Lindenmayer and Lacy 2002). 
Bush rats weigh approximately 80-200g, the males generally the heavier of the 
sexes (Wood 1971; Holland and Bennett 2010). 
Bush rats can have more than one litter per year if conditions are favourable, and 
produce an average of four young per litter (Heinsohn and Heinsohn 1999; 
Lindenmayer et al. 2005). Bush rat breeding is usually from November to January 
(Kraaijeveld-Smit et al. 2007). Population densities can exceed ten animals per 
hectare, increasing in summer due to juvenile recruitment and decreasing over 
winter, when juveniles mature into sub-adults, and the number of adults decline. 
In spring, sub-adults reach maturity and come into breeding condition 
(Lindenmayer et al. 2005; Peakall et al. 2003). This creates an annual turnover of 
the population as longevity is normally 12 to 15 months (Holland and Bennett 
2010; Macqueen et al. 2008). Young are independent at 1-2 months, but most do 
not breed until the following spring (Lindenmayer and Lacy 2002). At 2-3 months 
male juveniles usually disperse and females stay in the natal areas, later occupying 
exclusive breeding territories (Holland and Bennett 2010; Kraaijeveld-Smit et al. 
2007; Wood 1971). Bush rats are usually socially tolerant of conspecifics, however 
breeding season may cause females to be territorial (Robinson 1987). 
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2.2 SOURCE POPULATION 
Bush rats were sourced at the beginning of August 2011 from two sites 
approximately 35km North of Sydney: Muogamarra Nature Reserve (33°33’S 
151°11’E) and Ku-ring-gai Chase National Park (33°33’S 151°13’E). They were 
then housed at Cowan Field Station before being translocated to Sydney Harbour 
National Park (SHNP) (Figure 2.1). Sites were chosen because of the abundance of 
bush rats, and comparable climate and habitat to SHNP. Transects were used along 
each sites fire trail; 200 Elliot traps were set at approximately ten metre intervals 
along both sides of the trail. They were baited with peanut butter, honey and oats, 
along with coconut fibre for bedding and a plastic bag for the trap covering. Traps 
were checked early each morning and trapping occurred until 100 individuals 
were caught - 60 females and 40 males. Females are dominant and create 
territories to breed and establish the new population, while the males will usually 
disperse (Woodside 1983). Translocation may increase the possibility of mortality 
rate due to predation, difficulty finding food and establishing territory (Gouirand 
and Matuszewich 2005; Pérez-Tris et al. 2004; Sundell et al. 2004; Teixeira et al. 
2007; Yoder et al. 2004). Thus the extra females were required to increase the 
likelihood of population establishment. The selection criteria for keeping a bush 
rat for translocation was that the animal had to be an adult (over 90g), in good 
condition and females were not lactating or obviously pregnant.  
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Figure 2.1. Map of sites bush rats were sourced - Ku-ring-gai Chase National Park and 
Muogamarra Nature Reserve. Bush rats were transported to Cowan Field Station for 
processing and holding. They were then released into Sydney Harbour National Parks 
reintroduction sites AH (Athol Hall – Site 1), MH (Middle Head – Site 2), NH3 (North Head 3 – 
Site 3), NH6 (North Head 6 – Site 4). 
 
At Cowan Field Station males and females were separated and housed in large 
rodent breeder cages (outside 45.7 x 31.8 x 21.2cm; inside 41.9 x 27.9 x 21.0cm; 
polypropylene base and stainless steel high top). Cages had deep sawdust and 
shredded paper for bedding and enrichment, and each rat had access to a 
nesting/shelter area (PVC tubing). Captive animals have reduced stress levels 
when there is adequate stimulation and refuge areas (Morgan and Tromborg 
2007; Teixeira et al. 2007). They were fed a mixture of rat pellets, fruit and nut 
mix, fresh fruit and mealworms. 
Criteria for housing individuals together was based on where they were captured. 
If the animal met the size, sexual reproduction stage and condition criteria they 
were placed with another animal trapped closest to them. Individuals that were 
caught close together (within 200m) were placed in the same breeder cage 
5 KILOMETRES 
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(maximum of three females or two males in each cage). For animals that were 
going to be released together, breeder cages were placed next to each other (one 
breeder cage with three females next to one breeder cage with two males) (Figure 
2.2). If the animals closest to them had enough individuals in the release group 
already (three females and two males), the individual was either put into the next 
closest group or released if a suitable group was not available. The distance 
between individuals that were designated to a group was 20 traps (200m) or 
closer. In some cases, this was not possible (i.e. no animal that was close by met 
the criteria), this happened in four cases (in four groups) where an individual was 
taken from a further distance (270m, 420m, 460m, 480m). To ensure familiarity, 
bush rats that were captured and housed together were then released into the 
reintroduction sites together. There were five release points per reintroduction 
site with three females and two males being released together at each of these 
release points (25 animals per site – 15 females and 10 males) (Figure 2.3). This 
was done with the intention of keeping familiar groups close together, reducing 
stress (Shier 2006; Pinter-Wollman et al. 2009; Dickens et al. 2010; Morgan and 
Tromborg 2007; Teixeira et al. 2007). Species-specific traits are the key features 
for reducing stress when holding animals in captivity (Teixeira et al. 2007; Morgan 
and Tromborg 2007; Dickens et al. 2010). Social housing is critical for some 
species, with laboratory rodents exhibiting severe stress responses in isolation 
(Weiss et al. 2004; Genaro et al. 2004; Morgan and Tromborg 2007). Familiarity 
with conspecifics within release groups, such as family groups or social groups, 
can decrease stress exposure when in captivity and then when released (Shier 
2006; Pinter-Wollman et al. 2009; Dickens et al. 2010; Morgan and Tromborg 
2007; Teixeira et al. 2007). 
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Figure 2.2. Bush rats being processed in Cowan Field Station. Males and females were 
separated and kept with individuals that were caught closest to them (maximum of 3 females 
and 2 males in each cage). 
 
 
Figure 2.3. Release points. Five release points per site with 3 females and 2 males being 
released together (25 animals per site). Pink dots represent 36 trap stations on a 1ha grid; 
each trap approximately 20m apart, with each grid line approximately 20m apart. 
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Release 
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The bush rats were held for the shortest time possible, until all animals were 
captured and all animals could be released at the same time. During this time 
droppings and food consumption was monitored to ensure the bush rats’ 
gastrointestinal tract was clean of spores and seeds. Release within a short period 
of time was critical as this minimises the animals stress response (Batson et al. 
2017; Adams et al. 2004; Teixeira et al. 2007). 
Prior to release all bush rats were uniquely and permanently marked with passive 
integrated transponder tags (PIT tags) inserted subcutaneously between the 
shoulder blades. PIT tags help to distinguish individuals when monitoring their 
movements and interactions. Blood was taken from the bush rats to compare virus 
status with translocation survival rates. Due to time and resource restriction only 
39 out of the 100 bush rats were tested. The blood was tested by Taronga Zoo for 
Encephalomyocarditis virus (EMCV). This virus is a member of the genus 
Cardiovirus of the family Picornaviridae, with a worldwide distribution (Carocci 
and Bakkali-Kassimi 2012). Rodents are considered to be the natural hosts, in 
which the virus normally persists without causing disease (Spyrou et al. 2004). 
However, stress that may result from translocation can reduce immune 
competence, leaving the animal susceptible to disease which can increase 
mortality (Millspaugh and Washburn 2004; Teixeira et al. 2007; Dickens et al. 
2010).  
2.3 REINTRODUCTION SITES 
Bush rats were released on August 11, 2011 into four sites in SHNP: Athol Hall 
(AH, Site 1 - 33°50’42’’S : 151°14’46’’E), Middle Head (MH, Site 2 - 33°49’33’’S : 
151°15’59’’E), North Head 3 (NH3, Site 3 - 33°48’58’’S : 151°17’37’’E), and North 
Head 6 (NH6, Site 4 - 33°48’37’’S : 151°17’37’’E) (Figure 2.4). These four 
reintroduction sites were drawn from the 16 sites established as part of the 
Sydney Bush Rat Project; the other 12 sites were not used in this study. Prior to 
release each of the four sites were intensively trapped for ten nights to remove 
black rats (Rattus rattus). Bush rats that were captured in Ku-ring-gai Chase 
National Park were then released into Athol Hall (Site 1) and Middle Head (Site 2) 
and those from Muogamarra Nature Reserve were released in North Head 3 (Site 
3) and North Head 6 (Site 4).  
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Figure 2.4. Bush rats were released on August 11, 2011 into four sites across Sydney Harbour 
National Parks: Athol Hall (Site 1), Middle Head (Site 2), North Head 3 (Site 3), and North Head 
6 (Site 4). Sites were drawn from a subset of sites established as part of the Sydney Bush Rat 
Project. 
 
From this point on I will refer to the reintroduction sites as Site 1 (previously Athol 
Hall - AH), Site 2 (previously Middle Head - MH), Site 3 (previously North Head 3 
- NH3) and Site 4 (previously North Head 6 – NH6). 
2.4 RELEASE TECHNIQUE 
The bush rats had a soft-release into the four reintroduction sites at dusk, so they 
could adjust to their new environment (Figure 2.5). They were kept in their 
original breeder cages, the lids were removed and the animals were allowed to 
exit at will (breeder cages were left at the release site with no lids until the 
following week). Soft release gives an animal a period of acclimatisation and is 
often preferred in reintroductions as it may offer higher survival rate and 
behavioural benefits because the animal does not have the immediate task 
North Head 6 
(Site 4) 
North Head 3 
(Site 3) 
Middle Head 
(Site 2) 
Athol Hall 
(Site 1) 
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acquiring resources or escaping predation (Davis 1983; Bright and Morris 1994; 
Parker et al. 2008; Tuberville et al. 2005; Armstrong and Seddon 2008; Letty et al. 
2000). Supplementary food (peanut butter and oats, approximately one hand full) 
was placed in PVC tubes at each release site and was left there until breeder cages 
were removed (one week). There was no observation of bush rats or black rats 
consuming the food. Food provisioning increases known resource availability and 
decreases the stress of unknown or unreliable food sources (Dickens et al. 2010). 
The bush rats were released in the spatial groups in which they were trapped and 
housed; there were five release points per site with three females and two males 
being released together (25 animals per site) (see Figure 2.3). 
 
Figure 2.5. Soft-release at dusk. Bush rats were given a conditioning period to the new 
environment in their breeder cages, where supplementary food was available for one week. 
 
2.5 TRAPPING AND DATA COLLECTION 
Trapping sessions were conducted one month after release in September 2011 
and every two months thereafter for eight sessions. A ninth trapping session was 
performed 18 months later in May 2014. Trapping occurred over three 
consecutive nights at each site for each trap session. Trapping provides a means 
of monitoring translocation success, establishment, population size and density, 
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health of the population, breeding and survival rate. It also provides a means of 
being able to see patterns of population fluctuation and to examine social 
structure and interactions by using spatial proximity (Richards and Short 2003). 
An Elliott trap and a wire cage trap was set at each of the 36 trap stations on 1ha 
grids; each trap approximately 20m apart, with each grid line approximately 20m 
apart (Figure 2.3). Two traps at 36 trap points in four sites over three nights 
created 864 potential trap nights per trap session. Elliott traps were primarily for 
bush rats and cage traps for black rats, although both species were caught in both 
types of traps. Elliott traps were baited with peanut butter, honey and oats and 
cage traps were baited with jam sandwiches. Each trap contained coconut fibre for 
bedding and a plastic bag for the trap covering. Traps were checked early each 
morning. Captured bush rats were identified, weighed (using a Pesola scale), sexed 
and had their nasal-occipital head length measured using calipers. The 
reproductive status and condition of the animal was also noted. Females were 
regarded as sexually mature and breeding when the vagina was perforate. 
Immature or non-breeding females were imperforate. Their teat status was also a 
sign of breeding: 1 indicated non-parous females - teats were small, indistinct and 
inconspicuous; 2 indicated previously parous females - teats were large and raised 
with or without fur at the base, but not lactating; and 3 indicated females had 
young - teats were raised with no fur at the base and producing milk (Aplin et al. 
2003). Males were considered to be breeding when their testes had descended 
into the scrotal sac (Aplin et al. 2003). Rats were allocated to an age-class 
according to reproductive condition and size: they were considered adult if 
sexually mature (males had testes descended and females had perforate vagina 
and teat development) and heavier than 90-100g. Juveniles weighed less than 90g 
and showed no sexual development (no scrotal development in males and 
imperforate vagina and inconspicuous teats in females) (Stokes et al. 2009a). Bush 
rats were considered offspring when captured animals were not one of the 100 
from the initial release, this was assumed because of the apparent absence of bush 
rats in SHNP. Offspring and black rats that were captured were marked with 
individual ear-clipping patterns using a 2mm biopsy punch and micro-chipped for 
identification. They were also measured and their traits recorded in the same 
manner previously mentioned for the bush rats. The piece of tissue from the ear 
Chapter 2: General Methods 
26 
 
notch was kept in 70% ethanol for further genetic analysis. Features used to 
identify different species of Rattus are described in Table 2.1. 
Table 2.1. Different characteristics of Rattus fuscipes and Rattus rattus used to identify each 
species while trapping and collecting data in Sydney Harbour National Park reintroduction 
sites. 
CHARACTERISTIC BUSH RAT (Rattus fuscipes) BLACK RAT (Rattus rattus) 
Colour Grey-brown to red-brown Black, grey to light brown 
Size 80-220g 90-300g 
Tail Tail length = Head/body length 
Short and thin 
Tail length > Head/body length 
Long and thick 
Features Round ears, concave face, round 
body shape 
Large pointed ears, pointed face, 
slender body shape 
 
Bush Rat (Rattus fuscipes)  Black Rat (Rattus rattus) 
 
(University of Sydney 2011) 
 
2.6 SITE DESCRIPTION 
2.6.1 Source Sites 
Ku-ring-gai Chase National Park and Muogamarra Nature Reserve has a temperate 
coastal climate with a mean maximum temperature of 26°C in summer, 22.1°C in 
autumn, 16.8°C in winter and 22.5°C in spring. The average annual rainfall in 
summer was 101.4mm, autumn 104.1mm, winter 87.4mm and in spring 78.6mm 
(annual rainfall 1090.9mm) (Bureau of Meteorology www.bom.gov.au). 
Ku-ring-gai Chase NP and Muogamarra NR are made up of heathland, dry eucalypt 
forests and grassy woodland. The two bush rat source sites are dry sclerophyll 
forests (Shrubby subformation) (Keith 2004). Dry sclerophyll forests grow on 
infertile and often rocky, well drained soils where average annual rainfall exceeds 
500mm. The forests support many sclerophyllous (hard-leaved) shrubs including 
banksias, tea-trees, pea-flowers, wattles (Acacia triptera and A. lineata), heaths 
Megan Callander – Translocation and Reintroduction of Native Bush Rats 
   27 
 
(Melichrus urceolatus and Brachyloma daphnoides), daisies (Cassinia sp.), and 
members of the Myrtaceae family (Melaleuca uncinata and Calytrix tetragona). 
The canopy species are mostly eucalypts, including Narrow-leafed Ironbark 
(Eucalyptus crebra), Mugga Ironbark (E. sideroxylon) and Tumbledown Red Gum 
(E. dealbata). White Cypress Pine (Callitris glaucophylla) and Black Cypress Pine 
(C. endlicheri) also occur in these woodlands (Keith 2004). 
2.6.2 Reintroduction Sites 
Sydney has a temperate climate, with warm summers and mild winters. During 
the 2011/2012 study period the average temperature of 25°C in summer, 23.1°C 
in autumn, 18.4°C in winter and 23.3°C in spring. Rainfall is spread throughout the 
year, with peaks in February, March and June. During 2012 the annual average 
rainfall in summer was 297.3mm, autumn 377.3mm, winter 310.7mm and in 
spring 229.3mm (Bureau of Meteorology www.bom.gov.au). Bushfire season runs 
from October to March. Fire, foxes and habitat disturbance are now highly 
controlled in these areas. 
Sydney Harbour National Parks are pockets of natural bushland with various 
vegetation types, including coastal heathlands, woodlands, eucalypt forests, open 
banksia heath and littoral forest (Benson and Howell 1990).  
Athol Hall (Site 1) and Middle Head (Site 2) have extensive areas of woodland 
(Benson 2011). Site 1 includes coastal sandstone gully forest with smooth-barked 
apple (Angophora costata), grey gum (Eucalyptus punctate) and forest red gum (E. 
tereticornis), and contains a variety of understorey ferns and shrub species 
including acacias and coastal banksia (Banksia integrifolia) (NPWS 2012). Site 2 
includes coastal sandstone ridge-top woodland with Angophora costata and 
bangalay (E. botryoides). There is also closed coastal scrub dominated by B. 
integrifolia and scrub she-oak (Allocasuarina distyla) (NPWS 2012). There are 72 
recorded fauna species in these headlands including four frog species, 12 reptile 
species, 45 bird species (six are introduced species), and 11 mammal species. The 
mammal species include the brush-tailed and ring-tailed possum, native water 
rats, grey-headed flying-foxes and two species of microbats. The five introduced 
mammal species are the introduced black rat, house mouse, fox, rabbit and cat 
(NPWS 2012). 
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North Head (Site 3 and 4) is mainly coastal sclerophyll heath and scrub on shallow, 
sandy soils and eucalypt woodland (Benson 2011). Site 3 is the Eastern Suburbs 
Banksia Scrub, structurally similar to the coastal heath but on lower nutrient sand 
(Benson 2011; Benson and Howell 1990). Common species include Banksia 
ericifolia, B. serrata, Eriostemon australasius, Leptospermum laevigatum, Monotoca 
elliptica, Pteridium esculentum, Ricinicarpos pinifolius and Xanthorrhoea resinifera 
(NPWS 2012). Site 4 is coastal sandstone gully forest with smooth-barked apple 
(Angophora costata), grey gum (E. punctate) and forest red gum (E. tereticornis) 
(NPWS 2012). A total of 146 fauna species have been recorded within the North 
Head area including 106 bird species (seven of which are introduced species), 20 
mammals (nine of which are introduced species), 14 reptiles and six amphibians. 
However, some of these species such as the brown antechinus (Antechinus 
stuartii) and the native bush rat (Rattus fuscipes) no longer occur (NPWS 2012). 
2.7 HABITAT CHARACTERISTICS 
Habitat structure is a predictor of rodent trap captures (Monamy and Fox 1999; 
Maitz and Dickman 2001). To assess site differences in habitat structure, ten 
structural characteristics of the vegetation were measured within a one metre 
radius of each trap station (Romero 2012; Cox et al. 2000; Amarasekare 1994). 
Measurements were taken from the bush rat source sites (Muogamarra Nature 
Reserve and Ku-ring-gai Chase National Park) and the reintroduction sites 
(Sydney Harbour National Park). The characteristics can be seen in Table 2.2. To 
analyse the data, each habitat characteristic was divided into categories. The 
recorded data was assigned a score using a modified six-point Braun-Blanquet 
scale (Poore 1955) and categories used in Cox et al. (2000) (Table 2.3). 
The Quadrant Cover Method (QCM) was also implemented, which provides a 
rapid, objective assessment of the degree of concealment that microhabitats 
provide from visual predators (Glen et al. 2010; Romero 2012). The one metre 
radius around each trap station was divided into four quadrants. Each quadrant 
was then assessed to determine whether features within the quadrant would 
obscure the view of potential predators (Glen et al. 2010, Table 2.2). 
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Table 2.2. Characteristics and description of the vegetation structure measured around each 
trap station in a 1m radius. Measurements used for the two source sites (Muogamarra Nature 
Reserve and Ku-ring-gai Chase National Park) and the four reintroduction sites in Sydney 
Harbour National Park. 
CHARACTERISTIC DESCRIPTION 
Leaf litter cover 
 
Percentage of ground area covered by leaf litter estimated 
using a 1m quadrat within the trap radius. 
 
Leaf litter depth Measured in cm at 5 points within the trap radius and 
averaged. 
 
Bare ground cover 
 
Percentage of ground area with bare ground estimated using a 
1m quadrat within the trap radius. 
 
Plant ground cover 
 
Percentage of foliage cover < 2m in height within the trap 
radius. 
 
Understory cover 
 
Percentage of foliage cover between a height of 2m and 4m. 
Density was scored using a 50cm cover board (divided into 25 
squares). Percentage was calculated from the number of 
squares on the board not visible when viewed from 1m. Four 
estimates were averaged. 
 
Number of logs All logs ≥ 10cm in diameter lying on or parallel to the ground 
were counted. 
 
Number of vertical stems All stems standing and less ≤ 10cm in diameter were counted  
 
Canopy height Approximate height of the tallest tree. 
 
Soil moisture Moisture was measured at an approximated depth of 1cm at 5 
points within the trap radius and averaged. Measurements 
were estimated on a sliding scale where 1 is dry and 5 is wet. 
 
Quadrant Cover Method 
(QCM) 
Measured using 4 quadrants scored for whether an animal at 
the central point would have been clearly visible (0%), partially 
obscured (10%), or fully obscured (20%) by objects within the 
1m radius. Another score is assigned to the visibility from 
above. Scores are summed. 
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Table 2.3. Categories used to classify characteristics of vegetation structure measured around 
each trap station in a 1m radius.  
CHARACTERISTIC CATEGORY CATEGORY DESCRIPTION 
Leaf litter cover, bare ground cover, plant 
ground cover, understory cover (%)  
0 
1 
2 
3 
4 
5 
 
Zero cover 
1-5 
6-25 
26-50 
51-75 
76-100 
 
Leaf litter depth (cm) 0 
1 
2 
 
Leaf litter absent 
0.01–1.0 
> 1.0 
 
Number of logs (≥10cm) 0 
1 
2 
3 
Logs absent 
1–2 
3–4 
> 4 
 
Number of vertical stems (≤10cm) 0 
1 
2 
3 
Vertical stems absent 
1–10 
11–20 
> 20 
 
Canopy height (m) 0 
1 
2 
3 
Canopy absent 
2.01–7 
7.01–12 
> 12 
 
Muogamarra NR and Ku-ring-gai Chase NP both had moderate disturbance with a 
fire trail running through the sites (traps were placed along these trails). Sydney 
Harbour NP sites had moderate disturbance, where there was no clearing, but 
surrounding the sites were roads or paths. Site 1 and Site 2 had further 
disturbance with a walking path going directly through each site. 
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3.1 INTRODUCTION 
Translocation is the intentional, human-facilitated movement of wildlife from one 
location to another (IUCN 1998). There have been over 200 mammal 
translocations and/or reintroductions within Australia for conservation purposes 
(Short 2009; Morris et al. 2015; Martin and McDonald-Madden 2011). 
Unfortunately, translocations often fail, Australia having one of the highest rates 
of translocation failure (Griffith et al. 1989; Short et al. 1992; Fischer and 
Lindenmayer 2000; Martin and McDonald-Madden 2011; Short 2009). Survival of 
animals directly after their release (establishment phase) is usually the most 
crucial period (Armstrong and Seddon 2008; Dickens et al. 2010). For 
translocation to have a higher success rate, the animal’s behaviour, traits and 
preferred habitat need to be understood (Griffith et al. 1989; Wolf et al. 1996; 
Sheller et al. 2006; Tuberville et al. 2005; Bakker 2006; Tarszisz et al. 2014). 
Understanding and comparing the animal’s behaviour and traits in the wild will 
assist in determining whether a population has become established and viable 
when translocated (Miller et al. 1999). The traits include: sex ratio, fecundity, body 
mass, condition and disease status (Carter et al. 2017; Miller et al. 1999). 
Animals should be released in sex ratios and classes similar to what is exhibited in 
wild populations. This is because varying age-sex classes have different 
reproductive value and the density of the population ensures reproductive 
encounters (Sarrazin and Legendre 2000; Bosé et al. 2007). This often involves 
releasing more adult females (Short et al. 1992; Miller et al. 1999; Lewis 2012). 
Differences between male and female behaviour may also influence release 
considerations, for example dispersal (Miller et al. 1999). Bush rat (Rattus 
fuscipes) females are dominant and establish territories to breed and create the 
new population, while the males will usually disperse (Woodside 1983). Disease 
status and physical condition should be assessed before translocation to assist in 
reducing effects of stress and maximising the health of the animal (Miller et al. 
1999; IUCN 2013; Carter et al. 2017). Stress that may result from translocation can 
reduce immune competence, leaving the animal susceptible to disease which can 
increase mortality (Millspaugh and Washburn 2004; Teixeira et al. 2007; Dickens 
et al. 2010). Physical condition and weight can indicate energy reserves and the 
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ability to reproduce, which is then linked to survival and population establishment 
after translocation (Pinter-Wollman et al. 2009; Molony et al. 2006; McMahon et 
al. 2000; Hill et al. 2003; Smith and Moore 2005). 
The amount and type of habitat in which animals are released is a critical factor 
for translocation success (Griffith et al. 1989; Wolf et al. 1996; Sheller et al. 2006; 
Tuberville et al. 2005). Determining the original cause of decline for the species is 
also an important factor (Miller et al. 1999; Bennett et al. 2012; Griffith et al. 1989). 
The quality of the habitat, food availability and competition with resident species 
can all induce stress for the released animal (Shier and Owings 2006; Bennett et 
al. 2012; Linklater and Swaisgood 2008). If adequate habitat is not available, 
competitors/predators are abundant or the cause of the species demise has not 
been removed, translocation will not be an effective solution (Short et al. 1992; 
Miller et al. 1999; Bennett et al. 2012; Griffith et al. 1989). 
3.1.1 Aims 
To assess the importance of species-specific traits this chapter will look at bush 
rats that were translocated into Sydney Harbour National Park as part of the 
Sydney Bush Rat Project. The aim of this chapter is to:  
1. Determine whether the bush rat translocation into SHNP has been 
successful. Success is dependent upon whether the bush rats established 
and persisted in the release sites.  
2. Determine factors that influenced survival rates and population 
persistence.  
In view of this, the hypotheses would be: 
1. If sex is related to persistence on a release site, then female bush rats are 
more likely to persist than males. 
2. If weight and body condition is related to age, health and breeding status, 
then heavier bush rats with a BCI (Body Condition Index) of greater than 
one (good condition) will breed and create a sustainable population. 
3. If disease status increases stress on a bush rats’ health, then bush rats that 
do not have Encephalomyocarditis virus (EMCV) are more likely to survive. 
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4. Increased habitat complexity and shelter will result in a more successful 
population of bush rats. 
To achieve this bush rats were released into Sydney Harbour National Park 
reintroduction sites and changes of demography were monitored. Sex, body 
condition, weight and virus status were assessed in relation to survival rates, 
breeding success and habitat.  
3.2 METHODS 
3.2.1 Study Species 
Bush rats (Rattus fuscipes) are widely distributed on the east coast of Australia 
(Watts and Aslin 1981; Peakall and Lindenmayer 2006). They favour areas with 
complex structure and high litter cover (Bennett 1993; Holland and Bennett 2007, 
2011). The bush rat is terrestrial, nocturnal and nests in burrows during the day 
(Watts and Aslin 1981; Peakall and Lindenmayer 2006; Wood 1971). They are 
omnivorous and weigh approximately 80-200g, the males generally the heavier of 
the sexes (Wood 1971; Holland and Bennett 2010). 
Bush rats can have more than one litter per year if conditions are favourable, and 
produce an average of four young per litter (Heinsohn and Heinsohn 1999; 
Lindenmayer et al. 2005). They breed from November to January and populations 
can exceed ten animals per hectare (Kraaijeveld-Smit et al. 2007). Populations 
increase in summer due to juvenile recruitment and decrease over winter, when 
juveniles mature into sub-adults, and the number of adults decline. In spring, sub-
adults reach maturity and come into breeding condition (Lindenmayer et al. 2005; 
Peakall et al. 2003).  
3.2.2 Translocation and Monitoring 
100 bush rats were released on August 11, 2011 into four sites in Sydney Harbour 
National Parks (SHNP) (see Figure 2.4). Trapping sessions were conducted one 
month after release in September 2011 and every two months thereafter for eight 
sessions (October 2012). A ninth trapping session was performed 18 months later 
in May 2014. Trapping occurred over three consecutive nights at each site. An 
Elliott trap and a wire cage trap was set at each of the 36 trap stations on 1ha grids 
(a potential 864 trap nights per session). Each trap was set approximately 20m 
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apart, with each grid line approximately 20m apart (see Figure 2.3). Traps were 
checked early each morning. Captured bush rats were identified, weighed, sexed 
and had their nasal-occipital head length measured using calipers, the 
reproductive status and condition of the animal was also noted. Rats were 
allocated to an age-class according to reproductive condition and size (see Chapter 
2 for more detail in sampling regimes and study design). 
3.2.3 Habitat Characteristics 
To assess site differences in habitat structure, ten structural characteristics of the 
vegetation were measured within a one metre radius of each trap station (Romero 
2012; Cox et al. 2000; Amarasekare 1994). The characteristics can be seen in Table 
2.2. To analyse the data, each habitat characteristic was divided into categories. 
The recorded data was assigned a score using a modified six-point Braun-
Blanquet scale (Poore 1955) and categories used in Cox et al. 2000 (Table 2.3). 
The Quadrant Cover Method (QCM) was also implemented, which provides a 
rapid, objective assessment of the degree of concealment that microhabitats 
provide from visual predators (Glen et al. 2010; Romero 2012). To do this, the one 
metre radius around each trap station was divided into four quadrants. Each 
quadrant was then assessed to determine whether features within the quadrant 
would obscure the view of potential predators (Glen et al. 2010). The four 
reintroduction sites had moderate disturbance, where there was no clearing, but 
surrounding the sites were roads or paths. Site 1 and Site 2 had further 
disturbance with a walking track going directly through each site. 
Habitat structure and characteristics were averaged for each site using the 36 
trapping stations. Any significant difference between habitat characteristics, 
source sites (Muogamarra Nature Reserve and Ku-ring-gai Chase National Park) 
and reintroduction sites (Sydney Harbour National Park) was determined with 
two-factor Analysis of Variance (ANOVAs). Relationships between survival and 
habitat was examined by multiple regression.  
3.2.4 Statistical Analysis 
Survival rates using population parameters for bush rats were estimated using 
Cormack-Jolly-Seber (CJS) modelling of live capture histories using the program 
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MARK (White and Burnham 1999). MARK helps determine population and 
survival estimates, and identify factors influencing survival rates (Armstrong and 
Ewen 2000; Lettink and Armstrong 2003; Pryde 2003; Easton 2014). MARK finds 
the most parsimonious model, i.e. a model that includes factors useful for 
explaining the data but excludes irrelevant factors (Burnham and Anderson 2002; 
Lettink and Armstrong 2003). It considers data from animals marked and released 
back into the population and then recaptured. The basic CJS model has four main 
assumptions: 
1. Every animal in the population has the same probability of recapture. 
2. Every animal in the population has the same probability of survival. 
3. Marks are not lost or overlooked. 
4. All samples are instantaneous and each release is made immediately after 
the sample (Pryde 2003; Lettink and Armstrong 2003; Cooch and White 
2015). 
The likelihood that the first two assumptions were met was improved by dividing 
the population into groups, e.g. males vs. females or sites, meaning every animal 
in that group has the same probability of survival and recapture. The third and 
fourth assumptions were met as bush rats were micro-chipped which remain in 
the bush rats for life and the capture sessions were immediate with no rats held 
over time. 
A global (saturated) model was specified and run. The global model was fully 
interactive (*) in which survival (phi or φ) and recapture (p) changes with group 
(g) and time (t): φ(g*t) p(g*t). Attribute groups in these models were sex (male vs. 
female) and site (Site 1, Site 2, Site 3 and Site 4). Phi (φ) is the probability of 
surviving an interval between recapture occasions (White and Burnham 1999; 
Hoyle et al. 2001; Pryde et al. 2005; Cooch and White 2015). However, it is not a 
true indication of survival as emigration cannot be differentiated from mortality 
(Cooch and White 2015). P is the probability that a marked animal is recaptured 
if it survives to a particular interval (Cooch and White 2015). 
The sin link function was used to fix parameters. The variance-covariance was 
estimated using 2nd Part, this calculated the standard errors of the estimates. 
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Goodness-of-Fit (GOF) testing was done to assess whether the global model was a 
reasonable fit to the data. A poor fit would be if the data violated the assumptions 
of open population mark-recapture (Lettink and Armstrong 2003). Contingency 
tables (𝜒2) from the program RELEASE were used to determine GOF and to see 
whether parts of the dataset were over-dispersed. Test 1 assesses the overall 
difference between groups and indicates whether or not to pool the data (Pryde 
2003). Test 2 assesses recapture rates and tests whether the data violates the 
assumptions of equal recapture rate (Pryde 2003). Test 3 assesses the survival 
results and tests if the data violates the assumption of equal survival rates (Pryde 
2003). If each test shows no significant difference (p > 0.05) then the data fits the 
model (Pryde 2003). 
Bootstrap GOF simulations were then used to compare the observed data with 
predicted data (if the data conforms to the model) and test for dispersal or 
variability of the data (Pryde 2003). 1000 simulations were run for greater 
accuracy. To adjust data for over dispersion, c-hat (variance inflation factor) was 
calculated by dividing the global model deviance by the mean deviance of the 
bootstrap simulations. Adjusted models have larger than 95% confidence 
intervals and values are converted to Quasi-AIC (QAIC) to accommodate for extra 
variance (Pryde 2003; Cooch and White 2015; Easton 2014). From the adjusted 
global model other models were constructed to account for variation in groups 
and time for both survival and recapture (Lettink and Armstrong 2003). Akaike’s 
Information Criterion (AIC) is calculated from the model’s deviance and the 
number of parameters in the model (Akaike 1974; Lettink and Armstrong 2003). 
The most parsimonious model was selected based on AIC. The Delta AICc (ΔAICc) 
is used to rank models (Pryde 2003). If the difference between the model with the 
lowest AICc and the current model is less than two, then both models are 
acceptable. If the difference is greater than two but less than seven, there is some 
support for both models. If the difference is greater than seven, models are 
different and there is no support (Cooch and White 2015). To account for more 
than two parsimonious models (models displaying similar weighting), model 
averaging was performed. The weighted average includes an estimate and a 
standard error (Pryde 2003; Lettink and Armstrong 2003).  
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3.2.4.1 Body Condition 
Body Condition Index (BCI) was calculated using Microsoft Excel following the 
method outlined in Krebs and Singleton (1993) by:  
1. Estimating the regression between head length and body mass for all of 
the bush rats released. 
2. Using this to predict body mass from observed head length. 
3. Estimating condition from the ratio of observed mass to predicted mass 
(Krebs and Singleton 1993; Richards and Short 2003). 
This created a ratio in which an individual in average condition had a ratio of one, 
an animal in poor condition had a ratio of less than one (< 1), and an animal in 
good condition had a ratio of greater than one (> 1) (Krebs and Singleton 1993). 
Measurements for BCI were taken just before the initial release into SHNP, it was 
only done once due to the potential of inaccurate measurements of head length in 
the field. Microsoft Excel was used to perform one-factor ANOVAs for comparison 
of body condition and survival. 
3.2.4.2 Virus Status 
Blood was taken from 39 of the 100 bush rats released and tested for 
Encephalomyocarditis virus (EMCV). Tests were conducted by Taronga Zoo and 
Kaplan-Meier survival analysis was used to compare survival rates of rats with the 
virus to those without.  
3.3 RESULTS 
3.3.1 Survival of Bush Rats over Time 
Of the 100 bush rats released into SHNP, 69 were recaptured at least once. Site 4 
had the highest recapture rate of 80%, followed by Site 3 with 76%, Site 1 with 
64% and Site 2 with 56% (Figure 3.1). Juvenile recruitment occurred at all sites 
with Site 4 having the highest number with 35 juvenile individuals, followed by 
Site 1 with 16, Site 3 with 14 and Site 2  with 10 (Figure 3.1). 
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Figure 3.1. Total number of bush rat individuals captured at least once over the trapping 
period from September 2011 to May 2014 (9 sessions), in four reintroduction sites. Dark grey 
(original) represents the number of adults recaptured out of the original 100 that were 
released. Light grey (offspring) represents the total number of new individuals captured (i.e. 
not from original 100). 
 
All populations declined over the trapping period (Figure 3.2). Bush rats were first 
released in August 2011 (before breeding season). Juvenile recruitment increased 
in summer (December and February) and populations decreased over autumn and 
winter (April, June and August 2012), when juveniles are maturing into sub-
adults, and adults begin to reach the end of their life cycle. During the first sessions 
(September and October), 31 bush rats were captured in Site 1, 28 in Site 4, 27 in 
Site 3 and 16 in Site 2 (Figure 3.2). During October 2011 Site 1 and Site 4 began 
juvenile recruitment, with the first of the offspring being captured. After one year, 
in October 2012, only new bush rats (offspring) were captured (Figure 3.2). 
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Figure 3.2. Number of individual bush rat recaptures of adults (original 100 released, dark 
grey) and juveniles (offspring of the 100 released, light grey) over the entire trapping period 
(9 sessions, September 2011 to May 2014) in the four reintroduction sites. Bush rats were 
reintroduced in August 2011 (n = 864 per session). 
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Site 2 had the most bush rats that were not recaptured again once released (Figure 
3.3). Site 3 had the highest number of possible dispersers (13 bush rats caught 
only once) (Figure 3.3). Site 4 had the greatest number of animals that remained 
on site (13 residents), as indicated by the number of rats caught over multiple 
sessions, followed by Site 1 (12 residents, Figure 3.4). 
 
Figure 3.3. Number of adult bush rats (original 100 released) not captured (0) or recaptured 
once (1 = dispersers) or up to five times (2, 3, 4, 5 = residents) over eight sessions of trapping 
(September 2011 to October 2012) in the four reintroduction sites (n = 864 per session). 
Numbers include all animals captured per site – including any animals that originated and 
dispersed from another site. 
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Figure 3.4. Number of adult bush rats (original 100 released) not recaptured or recaptured 
only once (0-1 = dispersers), and bush rats recaptured more than once (>1 = residents) over 
eight sessions of trapping (September 2011 to October 2012) in the four reintroduction sites 
(n = 864 per session). 
 
3.3.2 Influence of Site on Adult Bush Rat Survival and Recapture 
After model averaging, the estimated survival probabilities for bush rats over the 
four sites varied by time only – most parsimonious model = φ(t)p(g) – from 0.58 
(95% CI: 0.33-0.79) to 0.85 (95% CI: 0.54-0.97) (see Appendix Model Set 1 for all 
model selection results). The lowest survival rate in the interval going towards 
winter (session five to six – April to June) and the highest probability of survival 
was during the interval going towards spring (session six to seven – June to 
August) (Figure 3.5A). 
Estimated recapture probabilities varied by group only and ranged from Site 2 at 
0.57 (95% CI: 0.27-0.82), Site 3 at 0.75 (95% CI: 0.58-0.86), Site 4 at 0.80 (95% CI: 
0.66-0.89), Site 1 at 0.86 (95% CI: 0.64-0.95). Indicating there was a higher 
probability of recapturing the same rat at Site 1 and a lower probability of 
recapturing bush rats at Site 2 (Figure 3.5B). 
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Figure 3.5. (A) Model averaged estimates of survival probability for bush rats over time (from 
September 2011, eight* trapping sessions over one year) and (B) estimates of recapture 
probability for bush rats over the four different sites (±SE). 
*Trapping sessions do not include session 7-8 because the parameter cannot be individually identified 
as there are no more occasions for comparison. 
 
3.3.3 Influence of Sex on Bush Rat Survival and Recapture 
Fifteen females and 10 males were released on each site. Of the original 15 females 
67% were captured at least once after release in Site 4 and Site 3, 60% in Site 1 
and 53% in Site 2. Of the original 10 males 100% were recaptured in Site 4, 90% 
in Site 3, 70% in Site 1 and 60% in Site 2. Site 4 retained the most females (Figure 
3.6) and produced the highest number of offspring, 29% of which were female 
(Figure 3.7). The site that retained the smallest amount of bush rats was Site 3, 
this site had a good starting population of 15 but offspring only consisted of males 
(Figure 3.7). Site 3 and Site 1 female population reduced to zero by session 7 
(August 2012 – just before breeding season) (Figure 3.6). Bradley’s Head (BH) and 
North Head 5 (NH5) were control trapping grids within the 16 sites that were part 
of the Bush Rat Project. Site 1 was the only reintroduction site in the vicinity of BH 
(500m between sites), with bush connecting the two sites. Therefore it may be 
assumed that bush rats from Site 1 had dispersed and established in BH, 
accounting for the offspring found at this site (Figure 3.7).  One offspring was 
captured in NH5 with parents originating in Site 3 (500m from NH5) (see Chapter 
5).  
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Figure 3.6. Number of bush rats from the original 100 that were recaptured over the entire 
trapping period (9 sessions, September 2011 to May 2014) in the four reintroduction sites. 
Male (dark grey) and female (light grey). Bush rats were reintroduced in August 2011 (n = 
864 per session). 
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Figure 3.7. Number of male (dark grey), female (light grey) and unknown sex (stripes) 
offspring captured over the entire trapping period in the four reintroduction sites (9 sessions, 
September 2011 to May 2014) and a control site Bradley’s Head (BH – site 500m  from Site 1). 
 
After model averaging, the estimated survival probabilities for male and female 
bush rats varied only slightly, but survival did vary over time – most parsimonious 
model = φ(t)p(.) – from 0.64 (95% CI: 0.33-0.86) to 0.83 (95% CI: 0.54-0.95) (see 
Appendix Model Set 2 for all model selection results). The lowest survival rate in 
the interval going towards winter (session five to six – April to June) and the 
highest probability of survival was during the interval going towards spring 
(session six to seven – June to August) (Figure 3.8A). 
Estimated recapture probabilities did not vary significantly, so did not depend on 
sex or the season and ranged from female 0.76 (95% CI: 0.63-0.85) to male 0.78 
(95% CI: 0.66-0.87) (Figure 3.8B). 
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Figure 3.8. (A) Model averaged estimates of survival probability for male and female bush rats 
over time (from September 2011, eight* trapping sessions over one year) and (B) estimates of 
recapture probability for male and female bush rats (±SE). 
*Trapping sessions do not include session 7-8 because the parameter cannot be individually identified 
as there are no more occasions for comparison. 
 
3.3.4 Influence of Sex on Bush Rat Offspring Survival and 
Recapture 
After model averaging, the estimated survival probabilities for male and female 
bush rat offspring varied only slightly, but survival did vary over time – most 
parsimonious model = φ(t)p(g) – from 0.67 (95% CI: 0.51-0.80) to 0.83 (95% CI: 
0.67-0.92) (see Appendix Model Set 3 for all model selection results). The lowest 
survival rate in the interval going towards winter (session five to six – April to 
June) and the highest probability of survival was during the interval going towards 
spring (session six to seven – June to August) (Figure 3.9A). 
Estimated recapture probabilities varied by sex and ranged from female 0.74 
(95% CI: 0.56-0.86) to male 0.83 (95% CI: 0.65-0.92). Although not significantly 
different, male juvenile bush rats were more likely to be recaptured than females 
(Figure 3.9B). 
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Figure 3.9. (A) Model averaged estimates of survival probability for male and female bush rat 
offspring over time (from October 2011, seven* trapping sessions over one year) and (B) 
estimates of recapture probability for male and female bush rat offspring over time (from 
December 2011, six trapping sessions over one year) (±SE). 
*Trapping sessions do not include session 7-8 because the parameter cannot be individually identified 
as there are no more occasions for comparison. 
 
3.3.5 Influence of Weight and Body Condition 
There was no significant difference between release weight averages across sites 
for bush rat females (F3,59 = 0.88, p = 0.46) or males (F3,39 = 2.11, p = 0.12) (Figure 
3.10). Between sites, Site 3 males had significantly higher weights than Site 4 
males (F1,19 = 10.45, p = 0.005) (Figure 3.10).  
 
 
Figure 3.10. Average initial weight (g) of 60 female and 40 male bush rats released into the 
four reintroduction sites in August 2011 (±SE). 
 
During the first trap session, one month after release, average weight per site 
increased for all bush rats, and increased again after the second and fourth month, 
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where weight reached its peak (Figure 3.11). The second and fourth month were 
in spring (October) and early summer (December) where breeding and juvenile 
recruitment would be at its peak. Weight decreased again after six and eight 
months (February - late summer and April - mid-autumn) (Figure 3.11).  
 
 
Figure 3.11. Average weight (g) of the original 100 bush rats released into the four 
reintroduction sites. Including average release weight for each site and the average weight 
for each site for the first 12 months after release (±SE).  
 
Three of the four sites had a higher number of bush rats that were released with a 
good body condition (BCI > 1) compared to poor body condition (BCI < 1) (Site 1 
mean = 1.04, F1,17 = 14.13, p = 0.002, Site 2 mean = 1.02, F1,20 = 14.20, p = 0.001, 
and Site 3 mean = 1.04, F1,19 = 21.26, p < 0.001) (Figure 3.12). Site 4 had the most 
animals with low body condition (BCI < 1) (mean = 0.93, F1,23 = 59.03, p < 0.0001) 
(Figure 3.12).  
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Figure 3.12. Difference in Body Condition Index (BCI) of bush rats upon release into the four 
reintroduction sites. Dark grey indicates a BCI of greater than 1 (good body condition) and 
light grey indicates a BCI of less than 1 (poor body condition). Demonstrating the difference 
in BCI within and between the four reintroduction sites. 
 
Females were in similar condition upon release for each site (Site 1 mean = 0.95, 
Site 2 mean = 0.99, Site 3 mean = 1.01, Site 4 mean = 0.92, F3,45 = 19.4, p = 0.14). 
Males were also in similar body condition upon release except for Site 4 which had 
a significantly lower BCI compared to the other sites (Site 1 mean = 1.15, Site 2 
mean = 1.05, Site 3 mean = 1.08, Site 4 mean = 0.94, F3,36 = 6.50, p = 0.001). 
Indicating the majority of males at Site 1, Site 2 and Site 3 were in good breeding 
condition. 
Two of the sites with the least number of bush rats surviving (Site 1 and Site 3) 
have no male bush rats with a BCI of < 1, Site 2 had a significantly higher number 
of males with a healthy BCI compared to those with a poor BCI (F1,9 = 7.38, p = 
0.03) (Figure 3.13). This was the same pattern for females at Site 1 (F1,9 = 38.95, p 
= 0.0002) and Site 2 (F1,10 = 10.97, p = 0.009). Site 4 showed the opposite pattern, 
with a significantly higher number of females that had poor BCI (F1,13 = 34.37, p < 
0.0001) (Figure 3.14). 
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Figure 3.13. Difference in Body Condition Index (BCI) of male bush rats upon release into the 
four reintroduction sites. Dark grey indicates a BCI of greater than 1 (good body condition) 
and light grey indicates a BCI of less than 1 (poor body condition). 
 
Figure 3.14. Difference in Body Condition Index (BCI) of female bush rats upon release into the 
four reintroduction sites. Dark grey indicates a BCI of greater than 1 (good body condition) 
and light grey indicates a BCI of less than 1 (poor body condition). 
 
3.3.6 Influence of Virus Status 
Virus status did not affect the survival of the bush rats. Of the 100 animals 
released, 39 were tested for EMCV (Encephalomyocarditis virus) and of these 38% 
had the virus. Although survival probability was slightly increased for animals 
without the virus, the result was not significantly different from the rats that had 
the virus, Log rank 𝜒2 = 1.71, p = 0.19 (Figure 3.15). 
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Figure 3.15. Survival curve comparing the probability of bush rats surviving after release for 
six months with Encephalomyocarditis virus (light grey) and without the virus (dark grey). 
 
3.3.7 Habitat Characteristics 
There was no significant difference in habitat characteristics between the two 
bush rat source sites Muogamarra Nature Reserve and Ku-ring-gai Chase National 
Park (F1,17 = 0.006, p = 0.94). There was no significant difference in habitat 
characteristics between the four reintroduction sites in Sydney Harbour National 
Parks (F2,16 = 1.22, p = 0.32) or between the two source sites compared to the four 
reintroduction sites (F4,32 = 0.81, p = 0.53) (see Appendix Table A3.7 for habitat 
measurements for source and reintroduction sites). 
There were positive relationships between the number of bush rats on each site 
compared to percentage of quadrant cover (R2 = 0.80), average canopy height (R2 
= 0.74), average soil moisture (R2 = 0.69), average leaf litter depth (R2 = 0.89) and 
average ground plant cover (R2 = 0.62) (Figure 3.16). There was a negative 
relationship between the number of bush rats captured on each site compared to 
percentage of bare ground coverage (R2 = 0.75) (Figure 3.16F). As habitat 
characteristics increase (indicating complexity) so do the number of bush rats. As 
bare ground increased (indicating no complexity) the number of bush rats 
decreased.  
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Figure 3.16. Relationship between habitat characteristics and the number of bush rats on 
each site after one year of release in October 2012, fitted with linear regression. Habitat 
characteristics include (A) quadrant cover, (B) average canopy height, (C) average soil 
moisture, (D) average leaf litter depth, (E) average plant ground cover, and (F) average bare 
ground. See Table 2.2 for description of characteristics and Table 2.3 for categories and scales 
used to classify characteristics of vegetation structure. 
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Site 4 had the highest percentage of cover (using the Quadrant Cover Method, 
QCM) and also had the highest number of bush rat captures (Figure 3.17). The 
difference was significantly higher compared to all other sites (Site 1, t = 2.03, p = 
0.01; Site 2, t = 2.03, p = 0.005; Site 3, t = 2.03, p = 0.003; Figure 3.17). There was, 
however, no significant difference between the Site 1, 2 and 3 (F2,105 = 0.63, p = 
0.63).  
 
Figure 3.17. Mean quadrant cover percentage (column) and total number of bush rat captures 
(line) on the four reintroduction sites after one year (October 2012). Quadrant cover 
measured in a 1m radius around 36 trap stations on each site and averaged. 
 
3.4 DISCUSSION 
The successful translocation of bush rats into Sydney Harbour National Park 
(SHNP) was dependent upon both the survival of individuals and their fidelity to 
the release sites. In the initial stages of the study (within the first year), 
populations of bush rats had established and juvenile recruitment had occurred 
on all sites. Over the entire study period, bush rats persisted in three of the four 
sites. However, the remaining numbers were low, thus maintaining a self-
sustaining population would be difficult (Griffith et al. 1989; Dickens et al. 2010; 
Letty et al. 2000; Parker et al. 2012; Tarszisz et al. 2014). All sites produced 
offspring that were present at the sites for at least 14 months. The final trap 
session, in autumn 2014, represented the third or fourth generation after release, 
which should be sufficient for long term monitoring as it is temporally 
independent. The numbers were low (nine animals caught overall), but the 
trapping occurred in autumn when population density would be at its lowest 
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(Lindenmayer et al. 2005; Peakall et al. 2003). A further trap session the following 
spring may have confirmed whether the bush rats had developed a viable 
population. Most of the animals were caught in the traps on the edge of the 
trapping grid, which may indicate dispersal from the original release point and 
establishment off the trapping grid. In other words, after juveniles matured they 
could have dispersed off the grid. Further trapping outside of grid boundaries 
would help in confirming potential dispersal. 
For a site to be successful small amounts of females need to establish a breeding 
territory and recruit juvenile females to keep the population sustainable (Stokes 
et al. 2009b). Results indicated that sex influenced site success. Sites that retained 
and recruited more females persisted for longer. This is supported by other 
studies demonstrating the importance of females establishing and maintaining 
populations in native rodent communities (Redfield et al. 1977; Danielson and 
Gaines 1987; Stokes et al. 2009b). The site that retained the smallest number of 
bush rats was Site 3, this site had a good starting population but offspring only 
consisted of males. Site 3 and Site 2 female population reduced to zero by the 
spring of 2012. There were no females to continue the population and 
establishment of breeding territories did not occur. Further, the remaining males 
would eventually disperse off the grid in search of mates and territory. Juvenile 
males in Site 2 continued to occupy the trapping grid, indicating they had 
dispersed from other areas, or females had moved off site. Site 4 was considered 
the most successful site, retaining the most females and producing the highest 
number of offspring, 29% of which were female. Females on all sites seemed to be 
in breeding condition throughout the year. Of the females caught after release 
92% were in reproductive condition with perforate vaginas and teat status were 
classified as either 2 (previously parous: teats large and raised with or without fur 
at the base, but not lactating) or 3 (have young: teats raised with no fur at the base 
and producing milk). Reproductive condition indicates that the females 
successfully bred, but juvenile survival/establishment was poor, or juveniles were 
underestimated because they are often difficult to trap (Smith et al. 1975; Holland 
and Bennett 2011).  
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Body condition and weight are indicators of an animal’s energy reserves and 
reproductive ability. Therefore these factors are directly linked to survival and 
population establishment after translocation (Pinter-Wollman et al. 2009). Arrival 
at a new environment may have negative effects because the animals are not 
familiar with food resources or competition (Pinter-Wollman et al. 2009). Higher 
weight and Body Condition Index (BCI) may improve survival rates after 
translocation by providing individuals with fat reserves during the acclimatisation 
period (Pinter-Wollman et al. 2009; Molony et al. 2006; McMahon et al. 2000; Hill 
et al. 2003; Smith and Moore 2005). Three of the four sites (Site 1, Site 2 and Site 
3) had a higher number of bush rats released with a good body condition (BCI > 
1). Site 4 was the most successful site in terms of number of bush rats that 
established and remained on the trapping grid. However, it also had the most 
animals with low body condition (BCI < 1) and significantly lower average body 
weight. Males with high BCI would be in good breeding condition, which also 
means they would disperse to look for mates and territory. The start of the 
breeding season encourages males to search for females in estrous, resulting in 
high levels of male dispersal (Wood 1971; Robinson 1987; Stokes et al. 2009b). 
Increasing BCI may mean dispersal, therefore, less animals occupying the grid. 
Another possible reason that there were less bush rats on sites with high BCI could 
be that older and possibly more dominant individuals are negatively affected by 
handling and translocation (Creel et al. 1996; Letty et al. 2000). Older bush rats 
are generally heavier (adult compared to sub-adult; Wood 1971), these animals 
remained on the grid and established territory as they were most likely the 
dominant individuals, but may have had reduced lifespan in comparison to the 
smaller animals. Age and the stress resulting from handling and translocation 
could have caused premature death (Creel et al. 1996; Letty et al. 2000).  
Stress through translocation can also lead to increased susceptibility to disease 
and increased mortality due to disease (Dickens et al. 2010; Millspaugh and 
Washburn 2004; Teixeira et al. 2007). Bush rats were tested for 
Encephalomyocarditis virus (EMCV) before release. Rodents are considered to be 
the natural hosts, in which the virus normally persists without causing disease 
(Spyrou et al. 2004). The idea behind testing was to see if heightened stress may 
increase negative effects of the virus. This virus was detected in 38% of tested 
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bush rats, but it did not have a significant effect on their survival. Thus, the stress 
of translocation did not reduce the immunity of the bush rats and exacerbate the 
virus. 
There were positive correlations between habitat complexity and bush rat 
numbers, which confirms the need for suitable dense habitat once the bush rat has 
established in an area and juvenile recruitment is occurring. Quadrant cover, 
canopy height, soil moisture, leaf litter depth and plant ground cover were all 
important to bush rat survival. Bare ground coverage had a negative relationship 
with bush rat occupancy. Dense habitat provides shelter, food and cover from 
competition and predation which could account for this negative relationship 
(Richards and Short 2003). The positive correlation with moist soil could be due 
to food supply and to assist with burrowing. Bush rats are omnivorous, and will 
eat a range of seeds, fruit, fungi, plants and insects (Lindenmayer and Lacy 2002). 
Mycorrhizal fungi and invertebrate richness and abundance will increase in moist 
habitats (Lindenmayer and Lacy 2002; Burke and Nol 1998; Holland and Bennett 
2010). Therefore, release into suitable habitat is shown to be an important factor 
in the success of reintroductions. Although there was no difference in habitat 
characteristics between sites, Site 4 had the highest percentage of cover (Quadrant 
Cover, QC) and also had the highest number of bush rat recaptures and individuals 
known to be alive. This indicates an importance in habitat structure for the success 
of the bush rat, as the QC identifies the degree of concealment that microhabitats 
provide from visual predators or competition (Glen et al. 2010). This is supported 
by other studies indicating bush rats favour areas with dense, structurally diverse 
vegetation and high litter cover (Watts and Aslin 1981; Holland and Bennett 2010; 
Kraaijeveld-Smit et al. 2007; Moro 1991).  
The size of the bushland fragment is also an important factor to consider for bush 
rat establishment and success, as it has an influence on population structure 
(Holland and Bennett 2011). Bush rat populations in small fragments (<2.5 ha) 
have lower population densities, younger age structures, and have less 
immigration than those in large fragments (>49 ha) (Holland and Bennett 2010). 
Consequently, populations in small fragments and with low quality habitat are 
vulnerable to extinction. Bush rats will not disperse across urban development 
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and are unlikely to move between habitat fragments (Seebeck and Menkhorst 
2000; Lindenmayer et al. 2005; Peakall and Lindenmayer 2006; Bentley 2008). 
They do move between fragments in agricultural landscape (Lidicker 1975; 
Peakall and Lindenmayer 2006; Holland and Bennett 2011). This is probably due 
to the higher connectivity in these areas, many agricultural fragments are at least 
partially linked by forested or shrubby corridors along roadsides and drainage 
lines, which are used by bush rats (Bennett 1990). Thus, habitat corridors enhance 
functional connectivity and help bush rats and other small animals to disperse 
(Macqueen et al. 2008; Pardini et al. 2005; Metzger et al. 2009; Holland and 
Bennett 2011). Each site in SHNP occupied a one hectare grid. Although this size 
may not be large enough for long term colonisation, the grids were surrounded by 
larger fragments of bushland. Most had connective bush corridors allowing bush 
rats to disperse to other fragments. This is evidenced in later chapters where it is 
seen that bush rats dispersed and bred away from their release points. Bradley’s 
Head (BH) and North Head 5 (NH5) were control trapping grids within the 16 sites 
that were part of the Bush Rat Project. Site 1 was the only reintroduction site close 
to BH (500m), with bush connecting the two sites. Six juvenile bush rats were 
captured on BH, six months after initial release. It is assumed that bush rats from 
Site 1 had dispersed and established in BH, accounting for these offspring. One 
offspring was captured in NH5 with parents originating in Site 3 (see Chapter 5). 
This demonstrates that the Site 1 and Site 3 population dispersed and if trapping 
occurred in a wider area, adjacent to reintroduction sites, there may be signs of 
other population establishments. 
The low number of animals released could be a potential limiting factor. An Allee 
effect is the reduction in individual fitness with decreasing size of populations, in 
other words there is a positive relationship between individual fitness and density 
of conspecifics (Allee et al. 1949: cited in Stephens et al. 1999; Somers and Gusset 
2009). Difficulty in finding suitable mates in low density populations is a key 
mechanism of the Allee effect (Stephens et al. 1999; Mihoub et al. 2011; Bosé et al. 
2007). Thus, bush rats may have moved away from release points, in search of 
mates, because of low density populations. In other studies it has been found that 
during reintroductions there is an increase in population establishment and 
survival when larger numbers of animals are released, approximately 100 
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individuals lead to a higher chance of success (Griffith et al. 1989; Fischer and 
Lindenmayer 2000). 100 individuals were released in this study, but only 25 
individuals per site. Success may be improved with focus on one site with a much 
larger grid size and a release of 50 to 100 animals. Residual bush rats, even a small 
population, are usually the ones to recover the population, rather than by 
immigration (Lindenmayer et al. 2005). The animals released were the only ones 
in SHNP so there are no stable, permanent residents to recover population. Due to 
potential dispersal, until trapping is completed outside of these release areas, 
bush rat persistence is uncertain. Being able to differentiate between dispersal 
and mortality is difficult, both of which can result in translocation failure and local 
population extinction (Mihoub et al. 2011).  
A large number of animals may not be enough to overcome threatening processes 
that have not been controlled. In Victoria, seven reintroduced populations of the 
endangered eastern barred bandicoot had founder sizes from 50 to 130 animals 
(Watson and Halley 2000). Despite the size, the populations decreased due to 
unsuccessful predator control and a drought (Watson and Halley 2000; Richards 
and Short 2003). The Bush Rat Project accounted for predators with fox baiting, 
reduction of black rat numbers and community awareness programs (keeping 
cats indoors at night). However weather, habitat disturbance, predators and 
competition coming from the edges of the grid (black rats were only removed from 
a 1ha grid) could not be controlled and would have influenced success.  
Site 4 was comparatively the most successful site – with the highest recapture rate, 
juvenile recruitment, resident individuals and females (both adult and juveniles). 
It was also the site with significantly lower BCI (<1) and significantly higher QC. 
These two qualities could be considered as important for a successful 
translocation, but because the population declined over time further support is 
required. Larger studies with continued monitoring need to be implemented to 
help in evaluating future success of the populations. 
Conservation of ecosystems requires a proactive approach in today’s rapidly 
changing environment. Translocation and reintroduction are solutions that could 
maintain ecosystem function and biodiversity. Using common species like the 
bush rat can help us understand the dynamics of translocation. Due to its 
Chapter 3: Selective Traits Influencing Bush Rat Survival  
 
59 
 
potentially adaptive nature this species could help us manage ecosystems in a way 
that eventually means self-sustaining populations without further intervention. 
These techniques then could be used on more vulnerable species and hopefully to 
greater success as climate change and human disturbance begins to take its toll on 
native landscapes. 
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APPENDIX 
MODEL SET 1: Influence of Site on Adult Bush Rat Survival and Recapture 
Data for eight trapping sessions of 100 individual bush rats over four sites (Site = 
group attribute) was used to develop a global model in MARK. A total of 52 
estimable parameters were in the global model φ(g*t)p(g*t). Goodness of Fit test 
showed that overall difference between groups, recapture rate and survival were 
not significant (p > 0.05) and therefore did not indicate lack of fit (Table A3.1).  
Table A3.1. RELEASE Goodness of Fit results. Summary of Test 2 and Test 3: Comparison of 
group survival rate estimation with capture-recapture data of bush rats. Group represented 
by four different reintroduction sites. 
Group 𝝌2 DF P 
Site 1 0.6417 2 0.7255 
Site 2 3.3638 5 0.6441 
Site 3 1.5893 5 0.9025 
Site 4 1.9131 4 0.7517 
Total 7.508 16 0.9622 
The mean deviance of bootstrap GOF (1000 simulations) was 47.31 and the global 
model deviance was 49.57. This resulted in a deviance based c-hat of 1.05. 
Although the global model was only slightly over-dispersed, the c-hat was 
adjusted. The model deviance fell around 588 out of 1000 simulations meaning 
that there is 0.412 chance that the deviance would be that high if the data fitted 
the assumptions. Therefore, the factors in the global model used here were 
sufficient. 
Models were run using the adjusted c-hat so are ranked according to QAICc. The 
first two models are the most parsimonious, and the difference between the 
ΔQAICc values is less than two. They account for 81% of support in data. The third 
and fourth model also have considerable support and account for 19% of the data 
(Table A3.2). 
The first model (Table A3.2) shows that survival is dependent on time but not site 
(group), and recapture probability is dependent on site but not time - φ(t)p(g). In 
the second model, survival is again dependent on time and recapture is not 
affected by time or site - φ(t)p(.) (Table A3.2). Because all four models received a 
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reasonable level of support Akaike weights were summed and model averaging 
was performed. Akaike weights confirmed that time was the most important 
factor in survival (81% support) and site was the most important factor in 
recapture probability (74% support). 
Table A3.2. Top four models describing survival (φ) and recapture (p) probabilities of bush 
rats over four reintroduction sites.  
Model QAICc ΔQAICc AICc Weight 
Model 
Likelihood 
Parameters QDeviance 
φ(t)p(g) 454.7734 0 0.59045 1 10 78.5952 
φ(t)p(.) 456.7533 1.9799 0.21941 0.3716 7 87.0233 
φ(.)p(g) 457.5270 2.7536 0.14902 0.2524 5 92.0094 
φ(.)p(.) 460.1022 5.3288 0.04112 0.0696 2 100.778 
φ = phi apparent survival, p = recapture probability, (t) = survival/recapture varies with time, 
(.) = constant survival/recapture (not affected by time or group), (g) = survival/recapture 
varies with site. For each model delta Quasi-Akaike information criterion terms (ΔQAICc) 
represent the difference in AIC between model 1 and subsequent models. The number of 
parameters and the deviance were used to calculate likelihood ratio tests for comparing the 
fit of models. 
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MODEL SET 2: Influence of Sex on Adult Bush Rat Survival and Recapture 
Data for eight trapping sessions of 100 individual bush rats grouped into sex (male 
vs. female) was used to develop a global model in MARK. A total of 26 estimable 
parameters were in the global model φ(g*t)p(g*t). Goodness of Fit test showed 
that overall difference between groups, recapture rate and survival were not 
significant (p > 0.05) and therefore did not indicate lack of fit (Table A3.3). 
Table A3.3. RELEASE Goodness of Fit results. Summary of Test 2 and Test 3: Comparison of 
group survival rate estimation with capture-recapture data of bush rats. Groups represented 
by male and female. 
Group 𝝌2 DF P 
Male 2.4474 4 0.6541 
Female 9.1836 7 0.2397 
Total 11.631 11 0.3920 
The mean deviance of bootstrap GOF was 37.38 and the global model deviance 
was 44.32. This resulted in a deviance based c-hat of 1.19. The global model was 
over-dispersed so the c-hat was adjusted. The model deviance fell around 827 out 
of 1000 simulations meaning that there is 0.173 chance that the deviance would 
be that high if the data fitted the assumptions. Therefore, the factors in the global 
model used here were sufficient. 
Models were run using the adjusted c-hat so are ranked according to QAICc. The 
first two models are the most parsimonious, and the difference between the 
ΔQAICc values is less than two. They account for 59% of support in data. The 
following five models also have considerable support and account for 41% of the 
data (Table A3.4). 
The first model (Table A3.4) shows that survival is dependent on time but not sex 
(group), and recapture probability is not dependent on sex or time - φ(t)p(.). In 
the second model, probability of survival and recapture is constant and not 
dependent on sex or time – φ(.)p(.) (Table A3.4). Because all seven models 
received a reasonable level of support Akaike weights were summed and model 
averaging was performed. Akaike weights confirmed that time was the most 
important factor in survival (51% support) and recapture probability was 
constant and did not depend on sex or time (72% support). 
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Table A3.4. Top seven models describing survival (φ) and recapture (p) probabilities of bush 
rats over four reintroduction sites between sexes.  
Model QAICc ΔQAICc AICc Weight 
Model 
Likelihood 
Parameters QDeviance 
φ(t)p(.) 405.2424 0 0.41516 1 7 50.3593 
φ(.)p(.) 406.9894 1.7470 0.17332 0.4175 2 62.5122 
φ(.)p(g) 407.5800 2.3376 0.12901 0.3107 3 61.0548 
φ(t)p(g) 408.1112 2.8688 0.09891 0.2382 9 48.9469 
φ(g)p(.) 408.2496 3.0072 0.09230 0.2223 3 61.7244 
φ(g)p(g) 409.2376 3.9952 0.05632 0.1357 4 60.6480 
φ(g*t)p(.) 410.1903 4.9479 0.03498 0.0843 13 42.2503 
φ = phi apparent survival, p = recapture probability, (t) = survival/recapture varies with time, 
(.) = constant survival/recapture (not affected by time or group), (g) = survival/recapture 
varies with sex, (g*t) = survival/recapture varies with group (sex) interacting with time. For 
each model delta Quasi-Akaike information criterion terms (ΔQAICc) represent the difference 
in AIC between model 1 and subsequent models. The number of parameters and the deviance 
were used to calculate likelihood ratio tests for comparing the fit of models. 
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MODEL SET 3: Influence of Sex on Bush Rat Offspring Survival and 
Recapture 
Data for seven trapping sessions of 69 offspring with the group attribute of sex 
(male vs. female) was used to develop a global model in MARK. A total of 26 
estimable parameters were in the global model φ(g*t)p(g*t). Goodness of Fit test 
showed that overall difference between groups, recapture rate and survival were 
not significant (p > 0.05) and therefore did not indicate lack of fit (Table A3.5). 
Table A3.5. RELEASE Goodness of Fit results. Summary of Test 2 and Test 3: Comparison of 
group survival rate estimation with capture-recapture data of bush rats. Groups represented 
by male and female. 
Group 𝝌2 DF P 
Male 4.61770 8 0.7975 
Female 13.0588 9 0.1600 
Total 17.6764 17 0.4095 
The mean deviance of bootstrap GOF was 96.96 and the global model deviance 
was 93.43. This resulted in a deviance based c-hat of 0.96. Although the global 
model was only slightly under-dispersed, the c-hat was still adjusted. The model 
deviance fell around 412 out of 1000 simulations meaning that there is 0.588 
chance that the deviance would be that high if the data fitted the assumptions. 
Therefore, the factors in the global model used here were sufficient. 
Models were run using the adjusted c-hat so are ranked according to QAICc. The 
first three models are the most parsimonious, and the difference between the 
ΔQAICc values is less than two. They account for 64% of support in data. The last 
eight models also have considerable support and account for 36% of the data 
(Table A3.6). The first model (Table A3.6) shows that survival is dependent on 
time but not sex (group), and recapture probability is dependent on sex but not 
time - φ(t)p(g). In the second model (Table A3.6), survival is again dependent on 
time and recapture is not affected by time or sex - φ(t)p(.). In the third model 
survival is dependent on sex and recapture is not affected by time or sex - φ(g)p(.) 
(Table A3.6). Because all eleven models received a reasonable level of support 
Akaike weights were summed and model averaging was performed. Akaike 
weights confirmed that time was the most important factor in survival (52% 
support) and recapture probability was dependent on sex (51% support). 
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Table A3.6. Top eleven models describing survival (φ) and recapture (p) probabilities of 
juvenile bush rats (recruits) over four reintroduction sites between sexes.  
Model QAICc ΔQAICc AICc Weight 
Model 
Likelihood 
Parameters QDeviance 
φ(t)p(g) 655.9327 0 0.31982 1 9 115.1566 
φ(t)p(.) 656.9417 1.0090 0.19311 0.6038 8 118.2721 
φ(g)p(.) 657.8550 1.9223 0.12232 0.3825 3 129.5362 
φ(.)p(g) 658.5103 2.5776 0.08814 0.2756 3 130.1915 
φ(g)p(g) 658.5878 2.6551 0.08479 0.2651 4 128.2227 
φ(.)p(.) 659.0145 3.0818 0.06850 0.2142 2 132.7303 
φ(g)p(t) 659.7242 3.7915 0.04804 0.1502 9 118.9481 
φ(.)p(t) 660.9997 5.0670 0.02539 0.0794 8 122.3300 
φ(g*t)p(.) 661.4137 5.4810 0.02064 0.0645 15 107.7353 
φ(g*t)p(g) 662.3232 6.3905 0.01310 0.0410 16 106.4495 
φ(t)p(t) 662.6599 6.7272 0.01107 0.0346 13 113.3331 
φ = phi apparent survival, p = recapture probability, (t) = survival/recapture varies with time, 
(.) = constant survival/recapture (not affected by time or group), (g) = survival/recapture 
varies with sex, (g*t) = survival/recapture varies with group (sex) interacting with time. For 
each model delta Quasi-Akaike information criterion terms (ΔQAICc) represent the difference 
in AIC between model 1 and subsequent models. The number of parameters and the deviance 
were used to calculate likelihood ratio tests for comparing the fit of models. 
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Table A3.7. Measurements of habitat characteristics around each trap station in a 1m radius 
averaged across each source site (Muogamarra Nature Reserve and Ku-ring-gai Chase 
National Park) and reintroduction site (Sydney Harbour National Park).  
 SOURCE SITES REINTRODUCTION SITES 
HABITAT 
CHARACTERISTIC 
Muogamarra 
NR 
Ku-Ring-Gai 
Chase NP 
Site 1 Site 2 Site 3 Site 4 
Leaf litter cover 3.72 3.19 1.97 1.74 2.36 1.97 
Leaf litter depth 1.63 1.84 2.22 1.77 1.21 3.34 
Bare ground cover 0.75 0.78 1.31 1.11 1.22 0.67 
Plant ground cover 3.03 3.44 3.19 2.89 2.56 3.22 
Understorey cover 2.34 2.69 2.00 2.17 3.19 2.03 
Number of logs 0.69 0.94 2.14 2.29 0.92 1.42 
Number of vertical stems 1.66 1.75 2.78 2.34 2.97 2.78 
Canopy height 1.69 1.72 1.50 0.89 0.86 2.81 
Soil moisture 1.83 1.30 2.27 2.82 0.86 2.76 
Habitat characteristics divided into categories and assigned a score using a modified six-point 
Braun-Blanquet scale (Poore 1955) and categories used in Cox et al. 2000 (see Table 2.2 and 
2.3 for characteristic descriptions and categories). 
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4.1 INTRODUCTION 
For wildlife translocations to be successful, movement of mammals released into 
unfamiliar ground needs to be understood. Individual movement decisions can be 
influenced by resource density, predation risk, competition and reproduction, as 
well as sex and social status (Sullivan et al. 1983; Lima and Dill 1990; Bowers et 
al. 1996; Bentley 2008). Translocation may change and further influence these 
movement decisions, disrupting typical behaviour. 
Translocation requires an individual to create a new home range if they are to 
establish and breed. Understanding animal home ranges and other patterns of 
space utilisation are important components of ecological studies; predominantly 
studies focusing on population density, foraging behaviour, habitat selection, 
distribution of resources, interaction and avoidance behaviour (Harris et al. 1990; 
Lira and Fernandez 2009). Home range can be defined as the area an individual 
uses in its normal activities such as foraging, mating and rearing young (Burt 
1943; Lira and Fernandez 2009). Occasional exploration outside this area should 
not be considered as part of the home range (Burt 1943; Brown and Orians 1970). 
Home ranges allow the animal to become familiar with a specific area which in 
turn allows them to find resources at lower energy costs, find mates, reproduce, 
maximise their fitness, and avoid predators more effectively (Lira and Fernandez 
2009; Kie et al. 2010; Finlayson and Moseby 2004). Animals outside their home 
range will need to find and choose new travel routes and apply behaviours such 
as foraging, avoidance and defense (Bakker 2006). Unfamiliar ground increases 
likelihood of agonistic encounters with conspecifics, increases risk of predation 
due to higher encounter rates and a lack of knowledge of escape routes (Bernays 
and Wcislo 1994; Price et al. 1990; Bélichon et al. 1996; Sakai and Noon 1997; 
Bakker 2006). Thus, movement behaviour may differ when an animal is not on its 
home range. 
Spatial organisation like territory and hierarchy of mammalian groups also need 
to be developed after translocation. These structures are influenced much like 
home range, through abundance and dispersion of resources, predation and 
intraspecific interactions (Travis and Slobodchikoff 1993; Clutton-Brock and 
Harvey 1978; Crook et al. 1976; Bujalska 1973; Bond and Wolff 1999). Spatial 
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organisation of mammalian males and females often differ. For small rodents such 
as Arvicolinae, the limiting resource for males is receptive females whereas for 
females it is food (Ims 1990; Ostfeld 1990; Ściński and Borowski 2007). Females 
exploiting food resources that are sparse are often territorial and have discrete 
home ranges (Ostfeld 1990). Rodent studies have shown that associations (a 
continuous state such as spatial proximity and overlap of home range) are often 
made rather than interactions (an instantaneous event like defense or mating), 
and social organisation is defined by spatial or temporal proximity and presence 
in the same group (Behrends et al. 1986; Karlsson 1988; Marinelli and Messier 
1993; Whitehead and Dufault 1999).  
Translocation can be highly stressful for animals, potentially eliciting a fight or 
flight response and affecting subsequent behaviour (Dickens et al. 2010; 
Heidinger et al. 2009). Animals that have been translocated have not actively 
chosen to move or select a new habitat. As a result, they often exhibit extensive 
dispersal movements away from the release area or have larger home ranges than 
established individuals (Mihoub et al. 2011; Russell et al. 2010; Burns 2005). For 
example, male prairie voles moved more extensively in outdoor enclosures that 
were unfamiliar than conspecifics in familiar enclosures (Jacquot and Solomon 
1997). During bird reintroductions the typical movement behaviour after release 
into unfamiliar environments is extensive and rapid, even in normally sedentary 
species (Armstrong et al. 1999; Clarke and Schedvin 1997). Males, in particular, 
often disperse away from release sites, not contributing to the population 
establishment (Richards and Short 2003). When females are present this dispersal 
is less likely to occur because males do not need to search for breeding females. 
Thus, translocating both sexes together is more effective in population 
establishment (Short and Turner 2000), as this immediate movement of 
individuals influences their population establishment and long term survival 
(Russell et al. 2010). 
Home ranges of bush rats vary from 0.1 to 0.4ha (Maitz and Dickman 2001; 
Lindenmayer et al. 2005). Male home ranges are larger than females and overlap 
extensively (Lindenmayer et al. 2005). Whereas females occupy permanent, 
stable, exclusive home ranges (Robinson 1987; Holland and Bennett 2010; Wood 
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1971). Bush rat movement is over short distances and mean distance movement 
has been found to be as little as 35m to 365m (Peakall et al. 2006; Wood 1971), 
maximum dispersal distance for males 762m, and females 213m (Banks et al. 
2011b). Spatial genetic analysis has suggested movement occurs on a scale of less 
than 200m (Peakall et al. 2003).  
There are differences in seasonal movements within and between sexes (Barnett 
et al. 1977). However, there is no consistent evidence for sex-biased dispersal or 
distances moved by either sex across studies (Peakall and Lindenmayer 2006; 
Kraaijeveld-Smit et al. 2007; White et al. 1996; Banks et al. 2011b). Males tend to 
move further (Barnett et al. 1977), especially during breeding season (Wood 
1971; Robinson 1987; Holland and Bennett 2011). This has been referred to as 
density independent dispersal, to increase access to potential mates (Holland and 
Bennett 2011). Females that undergo density dependent dispersal are often less-
fit individuals dispersing to establish a home range (Holland and Bennett 2011). 
Juveniles disperse quickly from maternal territory to find small home ranges, 
necessary for winter survival (Wood 1971; White et al. 1996). However, it is 
unusual for juvenile movement to be more than a few hundred metres (Peakall et 
al. 2003; Macqueen et al. 2008; Holland and Bennett 2010). 
4.1.1 Aims 
The aim of this chapter is to describe patterns in the movement behaviour of 
translocated bush rats in the area they were released. For a site to be successful, 
bush rats should rapidly display behaviour that is considered typical.  
If the translocation process results in typical movement behaviour then: 
1. Initial exploration movements of bush rats would be relatively high in 
comparison to permanent home ranges. Initial release would result in bush 
rats exploring the area, followed by more restricted movement as they 
settle into permanent home ranges in preparation for breeding (Wauters 
et al. 1997; Kelt et al. 2014).  
2. Female bush rats will have smaller home ranges than males, as females 
have stable breeding territories and males disperse as they continue to 
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search for mates after they have established (Barnett et al. 1977; Wood 
1971; Robinson 1987; Holland and Bennett 2011). 
3. Male and female home ranges will overlap, but females are territorial and 
will stay separated from other females, creating discrete territories for 
breeding (Lindenmayer et al. 2005; Robinson 1987; Holland and Bennett 
2010; Wood 1971). 
4.2 METHODS 
4.2.1 Radio Tracking 
To characterise spatial relationships among adult individuals, five bush rats per 
site (20 individuals out of 100) were fitted with very-high-frequency (VHF) radio 
transmitters prior to their release. One animal from each release point per site 
(five per site) were selected (see Chapter 2, Figure 2.3 for release point locations). 
Radio tracking was mainly carried out at night as bush rats are nocturnal. Each 
radio transmitter (single stage VHF collars Sirtrack®) weighed 3.0g which is less 
than 5% of the bush rat’s bodyweight so as not to impede the bush rats comfort or 
movement (Figure 4.1 and Appendix Table A4.1).  
   
Figure 4.1. Radio transmitter collar (single stage VHF collars Sirtrack®) weighing 3.0g and 
radio transmitter attached to bush rat. Collar less than 5% of the bush rats’ body weight so as 
not to impede the bush rats comfort or movement. 
 
Radio tracking began on the night of the bush rat release and continued for two 
months in three distinct phases of the reintroduction process. The first phase of 
radio tracking was done during the first week, starting on the first night of release, 
11 August 2011 until 19 August 2011. This was done to determine where the bush 
rats go, whether they stayed in their release sites or explored further. The second 
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phase was done during weeks 2-3 of the reintroduction from 20 August 2011 until 
9 September 2011. This was done to determine whether the bush rats had settled 
in the area where they were nesting at the sites. The third and final phase was 
done to determine the home ranges of established and settled bush rats. This 
occurred at night and during the day, from 19 September 2011 until 29 September 
2011. For clarification of terms I will refer to the period of bush rat release and 
exploration as the exploratory phase (combining phase 1 and phase 2) and the 
creation of permanent home ranges as establishment phase (phase 3). I will be 
comparing these two phases for the bush rats that were radio tracked. The periods 
for exploration and establishment were assigned as small mammal movements 
after translocation were found to reduce after 200 hours or approximately eight 
days (Banks et al. 2002). After release, voles (Microtus rossiaemeridionalis) would 
disperse and explore, displaying relatively high movement for one week. This 
movement would decline and level out at 300 hours or approximately two weeks 
(Banks et al. 2002). 
Radio tagged individuals were located using triangulation techniques using 2-3 
observers so as not to disturb the animals. Triangulation does not interfere as 
much with the activity of radio-collared animals compared with homing 
(Ebensperger et al. 2008). Triangulation consisted of at least three directional 
bearings with an angle of no less than 30° between them, obtained within a ten 
minute period, to determine the animal’s location. The animal was assumed to be 
located at the intersection of the bearings (or within the middle of the formed 
triangle) (Figure 4.2). The animal’s frequency, compass bearing, GPS waypoint, 
time and activity were all recorded. The night time radio tracking was between 
the hours of 18:00-1:00, the individual was normally located 4-5 times at least an 
hour apart. Given the high mobility of the animals, these locations are considered 
to be independent. During the day the fixes were done in the afternoon, before 
sunset, 1-2 locations were taken.  
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Figure 4.2. An example of how triangulation of three directional bearings are taken to locate 
a radio collared bush rat, with an angle of no less than 30° between each bearing. 
 
Radio collared animals captured during trapping had their collars checked. They 
were removed if there was some cause for concern regarding animal welfare. 
Collars were removed from three animals (one from Site 1, Site 3 and Site 4), each 
of these animals had patches of hair missing from under the collar and friction 
sores developing. Betadine was applied to the wounds and rats were released. To 
maintain sample sizes when a collar was removed, a new radio collar was placed 
on another trapped animal in the same site that was the same sex and appropriate 
body weight. Collars were put on new animals at Site 1, Site 3 and Site 4, thus for 
each of these sites there is one rat with radio tracking data for only the 
establishment phase (see Appendix Table A4.1). When data collection was 
complete, the radio-collared animals were recaptured and the transmitters were 
removed. 
4.2.2 Statistical Analysis 
To determine bush rat movement, several programs were used. Firstly, radio 
tracking data was analysed using Locate III (Nams 2011), a graphical 
radiotelemetry triangulation program, which uses maximum likelihood to allocate 
fix locations from multiple bearings with 95% error ellipses. This was used to help 
keep the most accurate fixes and discard inaccurate ones. Location data points 
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were then separated into exploratory phase and establishment phase for each 
individual. These points were used to calculate and map Kernel Utilisation 
Distributions (KUD) of each phase using the software program ZoaTrack (Dwyer 
et al. 2015). ZoaTrack is an open access program that uses open-source software 
(Dwyer et al. 2015). Calculations were undertaken within R using the 
adehabitatHR library of functions (Calenge 2006). 
Kernel analysis is a probabilistic method accounting for location and probability 
of occurrence of an animal at a specific geographical location (Dwyer et al. 2015). 
Kernel estimators work well with small amounts of data, are robust to 
autocorrelation, are nonparametric (not based on assumption that data conforms 
to specified distribution), allow multiple centers of activity, and result in a 
utilisation distribution (UD) rather than a simple home range outline (Seaman and 
Powell 1996; Kie et al. 2010; Jacques et al. 2009). A UD is a grid where the value 
for each cell represents the probability of the animal occurring and proportion of 
time spent in that cell, giving higher weight to areas of more intensive use 
(Mitchell 2007; Seaman and Powell 1996; Katajisto and Moilanen 2006; Worton 
1989; Oliveira et al. 2012). 
This study uses Kernel Utilisation Distributions (KUD) with least-squares cross-
validation (LSCV) algorithm for smoothing parameter (h), grid size of 200 with a 
variable h. The size of the grid effects the kernel surface, the larger the grid size 
the smoother the kernel surface, identifying relatively compact areas of usage. The 
h estimator is a kernel smoothing parameter. As h decreases, the kernel becomes 
more fragmented and less continuous, increasing detail within the home range 
(Worton 1989; Wauters et al. 2007). These parameters are the most common and 
accurate for most situations (Mitchell 2007) and have been shown to have the 
least biased and most accurate results (Row and Blouin-Demers 2006; Seaman 
and Powell 1996). LSCV varies h and identifies the value of h that produces the 
minimum estimated error (Row and Blouin-Demers 2006). The ellipse boundary 
used to represent the total exploratory phase and establishment phase size was 
95% (Worton 1989), to represent the core areas 50% was used (Harris et al. 1990; 
Row and Blouin-Demers 2006). The core represents the most frequently used area 
for each individual.  
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The KUDs were mapped for each bush rat individual and exported to Google Earth 
(Google Inc. 2015) to manipulate. Polygon mapping was used to find the area (ha) 
of the exploratory phase (50% and 95%) and the establishment phase (50% and 
95%) of all individual bush rats. Percentage of overlap was also calculated 
whenever one bush rat’s home range (establishment phase 50% and 95%) 
overlapped another (Maher 2009).  
Size of exploratory phase kernels and establishment phase kernels (ha) were 
compared between sexes and sites using Analysis of Variance (ANOVA) and 2-
tailed t-tests in Microsoft Excel, significance level was set at 0.05 (Oliveira et al. 
2012; Herr and Rosell 2004). Nonparametric Mann-Whitney U-test was also used 
to compare individual sites and overlap because of small sample size. Logistic 
regression was used to determine if size of establishment phase area influenced 
survival of bush rats. Analysis of Covariance (ANCOVA) was performed to reduce 
within group error and eliminate the possible confounding variable of weight. 
Patterns of bush rat dispersal (movement in metres) was calculated via movement 
between traps of all animals released, not just radio tracked animals. Linear 
distance was calculated between the location of initial release and the final trap 
position the animal was caught. This served as an indication of how far a bush rat 
might travel from the release point (presumably located within its home range) 
(Feierabend and Kielland 2014).  
4.3 RESULTS 
4.3.1 Bush Rat Exploration, Establishment and Survival 
For the exploratory phase of radio tracking (50% kernel), bush rat areas ranged 
from 0.05-0.85ha for females and 0.06-0.59ha for males. For 95% exploratory 
phase, females ranged from 0.25-3.86ha and males ranged from 0.35-3.38ha (see 
Appendix Table A4.2). Bush rat 50% establishment phase area ranged from 0.04-
0.68ha for females and 0.08-1.52ha for males. For 95% establishment phase, 
females ranged from 0.15-2.32ha and males ranged from 0.38-7.82ha (see 
Appendix Table A4.2). 
Exploratory phase was smaller than establishment phase in Site 1, although not 
significantly (50% KUD F1,10 = 0.42, p = 0.54 and 95% KUD F1,10 = 0.52, p = 0.49). 
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This was also true for Site 2 (50% KUD F1,9 = 0.71, p = 0.42 and 95% KUD F1,9 = 
0.67, p = 0.44), and Site 3 (50% KUD F1,9 = 0.06, p = 0.81 and 95% KUD F1,9 = 0.03, 
p = 0.87) (Figure 4.3 and Appendix Figure A4.1 for 95% KUD). Site 4 was the only 
site to have a significant difference with exploratory phase being larger than 
establishment (50% KUD F1,9 = 7.48, p = 0.03 and 95% KUD F1,9 = 8.39, p = 0.02) 
(Figure 4.3 and Appendix Figure A4.1 for 95% KUD) (see Appendix Figure A4.2, 
A4.3, A4.4, A4.5 for KUD contour maps for comparisons across sites). 
 
Figure 4.3. Mean area (ha ± SE) 50% KUD exploratory phase (dark grey) compared to 50% 
KUD establishment phase (light grey) across four reintroduction sites. 
 
Size of exploratory phase did not influence survival of bush rats, 𝜒2 = 0.19, df = 1, 
p = 0.67. However, the size of establishment phase did influence survival over 
time. Animals with larger establishment areas were more likely to survive than 
those with small areas, 𝜒2 = 4.63, df = 1, p = 0.03. 
4.3.2 Movement of Female and Male Bush Rats 
Overall, during the 50% KUD exploratory and establishment phase, male mean 
area was larger than females, however not significantly (exploratory phase F1,18 = 
0.45, p = 0.51; establishment phase F1,19 = 2.16, p = 0.16) (Figure 4.4). During the 
95% KUD exploratory and establishment phase, males again had a larger area than 
females but the size was not significant (exploratory phase F1,18 = 0.68, p = 0.42; 
establishment phase F1,19 = 2.36, p = 0.14) (see Appendix Figure A4.6 for 95% 
KUD).  
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Figure 4.4. Mean area (ha ± SE) comparison of male and female 50% KUD exploratory phase 
(dark grey) compared to 50% KUD establishment phase (light grey) across four 
reintroduction sites. 
 
For three of the four sites (Site 1, 2 and 4), female exploratory movement was 
greater than the establishment area, however not significantly (Figure 4.5 and 
Appendix Figure A4.7 for 95% KUD). Site 4 had the largest difference (50% F1,3 = 
1.24, p = 0.38, 95% F1,3 = 1.02, p = 0.42). Site 3 on the other hand had an 
establishment area that was larger than the exploratory phase, but not 
significantly (50% F1,5 = 0.41, p = 0.56, 95% F1,5 = 0.17, p = 0.69) (Figure 4.5 and 
Appendix Figure A4.7 for 95% KUD). For the males, Site 1 and Site 2 had 
exploratory phases that were smaller than their establishment areas, whereas, 
Site 3 and Site 4 had smaller establishment areas (Figure 4.6 and Appendix Figure 
A4.8 for 95% KUD). Site 4 had the greatest difference between the two phases, 
however not significantly (50% F1,3 = 2.25, p = 0.27, 95% F1,3 = 3.30, p = 0.21). 
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Figure 4.5. Mean area (ha ± SE) for female bush rats (n = 11). 50% KUD exploratory phase 
core area (dark grey) compared to 50% KUD establishment phase core area (light grey) 
across four reintroduction sites. 
 
Figure 4.6. Mean area (ha ± SE) for male bush rats (n = 10). 50% KUD exploratory phase core 
area (dark grey) compared to 50% KUD establishment phase core area (light grey) across 
four reintroduction sites. 
 
Furthest distance moved for females compared to males from original release 
point (measured in a straight line) was significantly different. These figures 
include all bush rats that were recaptured at least once, not just the radio tracked 
animals (female n = 37, male n = 32). The furthest distance dispersed by males 
from their original release point was 4.2 km and for females it was 0.8 km. Female 
individuals tended to move shorter distances than males (Figure 4.7). The overall 
mean distance moved by males was significantly greater than females (F1,68 = 5.35, 
p = 0.02, Figure 4.8). Males dispersed the greatest distance in Site 1 followed by 
Site 4. Females dispersed more in Site 3 followed by Site 1. Site 4 had the least 
female movement followed by Site 2 (Figure 4.9). The only sites which were 
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significantly different in distance moved was males in Site 4 and Site 2 (Site 4 
distance > Site 2 distance F1,15 = 5.21, p = 0.04). 
 
Figure 4.7. Linear distance travelled (m) by individual male (dark grey) and female (light 
grey) bush rats from their release points in the four reintroduction sites. Distance measured 
in a straight line from release point to final trap position if recaptured. 
 
Figure 4.8. Mean dispersal distance (m ± SE) from release points for male (dark grey) and 
female (light grey) bush rats across four reintroduction sites. Distance measured in a straight 
line from release point to final trap position if recaptured. 
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Figure 4.9. Mean dispersal distance (m ± SE) from release points for male (dark grey) and 
female (light grey) bush rats in the four reintroduction sites. Distance measured in a straight 
line from release point to final trap position if recaptured. 
 
ANCOVA was performed to reduce within group error and eliminate the possible 
confounding variable of weight, the results were not significant (exploratory 50% 
KUD F1,17 = 0.71, p = 0.41; 95% KUD F1,17 = 0.73, p = 0.40; establishment 50% KUD 
F1,17 = 0.17, p = 0.69; 95% KUD F1,17 = 0.24, p = 0.63). Therefore the size of the 
animal did not influence the size of the establishment area or the distance 
travelled. 
4.3.3 Overlap of Establishment Area: Home Range Sharing or 
Separation 
On average, radio tracked females shared 7.25 ± 2.30% of their core establishment 
area (50%) and 23.28 ± 7.93% of their larger establishment area (95%) with other 
females (n = 11 females; Figure 4.10, compare with Figure 4.11). Site 3 had no 
females sharing establishment areas, with Site 4 only having a small amount of 
overlap (Figure 4.11). Males shared 23.04 ± 8.47% of their core establishment 
areas (50%) and 45.51 ± 11.52% of their larger establishment area (95%) with 
other males (n = 10 males; Figure 4.10, compare with Figure 4.12). Site 3 again 
had the least amount of shared establishment areas between males followed by 
Site 4 (Figure 4.12).  
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Figure 4.10. Mean percentage (± SE) of female bush rats overlapping establishment areas 
(home range) with other females. Compared to male bush rats overlapping establishment 
areas (home range) with other males at the four reintroduction sites. 50% KUD (dark grey) 
and 95% KUD (light grey). 
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Figure 4.11. Female bush rat kernel utilisation distribution (KUD) establishment phase 
overlap (50% and 95% KUD). A. Site 1 (n = 3), B. Site 2 (n = 3), C. Site 3 (n = 3) and D. Site 4 (n 
= 2). Each bush rat is represented by a different colour. 
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Figure 4.12. Male bush rat kernel utilisation distribution (KUD) establishment phase overlap 
(50% and 95% KUD). A. Site 1 (n = 3), B. Site 2 (n = 2), C. Site 3 (n = 2) and D. Site 4 (n = 3). Each 
bush rat is represented by a different colour. 
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Intra-sexual overlap was not significantly different between sexes. Females 
overlapping females in 50% establishment areas had a median of 7.25% (mean 
rank = 5.4) and males overlapping males had a median of 15.61% (mean rank 8, 
Mann-Whitney U = 12, Z = 1.10, two-tailed, F1,11 = 1.63, p = 0.27). 95% 
establishment area females had a median of 15.55% (mean rank = 9.3) and males 
had a median of 23.08% (mean rank 13.33, Mann-Whitney U = 38, Z = 1.42, two-
tailed, F1,21 = 2.33, p = 0.14). 
Male bush rats overlapping female establishment areas averaged 42.00 ± 9.57% 
for the females core area (50%) and 40.07 ± 7.50% of their larger establishment 
area (95%). Whereas, female bush rats overlapping male establishment area 
averaged 20.40 ± 10.21% of male core area (50%) and 17.13 ± 4.52% of their 
larger establishment area (95%) (Figure 4.13). Intersexual overlap for 50% 
establishment was not significant; percentage of male establishment areas 
occupied by females (median 9.64%, mean rank 5.71) compared to percentage of 
female establishment areas occupied by males (median 34.84%, mean rank 9.29, 
Mann-Whitney U = 12, Z = -1.53, two-tailed F1,13 = 2.38, p = 0.15). It was, however, 
significant for 95% establishment, females occupying 7.47% (median, mean rank 
18) of male establishment areas and males occupying 28.05% (median, mean rank 
27) of female establishment areas (Mann-Whitney U = 143, Z = -2.31, two-tailed, 
F1,43 = 6.85, p = 0.01). 
There was not enough data to compare the difference in overlap between the four 
sites except for females overlapping males and males overlapping females in 95% 
establishment areas. There was no significant difference, in other words, no site 
had a greater overlap of bush rat establishment areas compared to any other site.  
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Figure 4.13. Mean percentage (± SE) of male bush rats overlapping establishment areas 
(home range) of female bush rats. Compared to female bush rats overlapping establishment 
areas (home range) of male bush rats at the four reintroduction sites. 50% KUD (dark grey) 
and 95% KUD (light grey). 
 
4.4 DISCUSSION 
Successful translocation potentially requires an animal to quickly display typical 
behaviour. The behaviour is exhibited through dispersal and establishment of 
home ranges, which leads to breeding and the establishment of a sustainable 
population. When bush rats were first released it was expected that they would 
explore the area (one week of high movement – exploratory phase). This would be 
followed by a period of more restricted movement as they settled into permanent 
home ranges in preparation for breeding (approximately after two weeks – 
establishment phase) (Banks et al. 2002; Wauters et al. 1997; Kelt et al. 2014). Site 
4 was the most successful site in population establishment and was the only site 
to have the expected behaviour, where establishment area (home range) was 
significantly smaller than the exploratory phase area. In the other sites 
exploratory phase was smaller than the establishment phase, but the size 
difference was not significant. Once an animal reduces their movements it 
suggests that the stress response to the translocation is reducing and they are 
beginning to settle (Dickens et al. 2010; Christie et al. 2011). Site 4 and Site 1 were 
the only sites to produce offspring in the first trapping season (spring 2011, see 
Chapter 3), Site 4 having the highest number of offspring by summer, indicating 
that quick establishment and display of typical behaviours led to increased 
population growth.  
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Even though Site 4 had a smaller establishment phase than exploratory phase, 
overall mean establishment phases (0.36 to 1.24ha) were still larger than previous 
studies; where the average bush rat home range was from 0.1 to 0.4ha or < 200m 
in diameter (Maitz and Dickman 2001; Lindenmayer et al. 2005; Wood 1971; 
Robinson 1987). Home ranges and roaming behaviour may be affected by 
translocation but also vary by season (Heidinger et al. 2009; Robinson 1987; 
Finlayson and Moseby 2004). Winter movements are often greater, for the 
purpose of foraging, whereas summer exploration is about finding mates and new 
territory (Stewart and Barnett 1981; White et al. 1996). This study took place in 
spring when exploration for mates and territory would be occurring, but because 
the environment was new to the animals, foraging behaviour and extended 
exploration would also be taking place, explaining the home range size increase. 
Extended movement may also be indicative of resource requirements and food 
availability (Molyneux et al. 2011; Warren et al. 2015). Site 4 was the most 
structurally complex habitat (see Chapter 3), so may have provided the resources 
bush rats required and as such restricted the necessity for movement in 
comparison to the other sites. 
Density of individuals could have similarly influenced movement behaviour 
(Woodside 1983; Mazurkiewicz and Rajska-Jurgiel 1998). Some of the bush rats 
that dispersed great distances were potential parents to offspring found in the 
new areas (see Chapter 5). Bush rats were not necessarily displaying normal 
behaviours by staying close to conspecifics, instead they travelled to other areas 
to breed. Conspecific density is often related to home range size (Mazurkiewicz 
and Rajska-Jurgiel 1998; Finlayson and Moseby 2004). Conspecific competitive 
pressure for these bush rats would be less likely to occur as there were no resident 
bush rats in the release sites (Christie et al. 2011). Low densities of conspecifics 
leads to larger ranges, where animals are more mobile and move away from their 
release site (Wauters et al. 1997; Russell et al. 2010). 
On average male bush rats exploratory and establishment phases were larger than 
females, although not significantly. This trend is expected, as males have density 
independent movement which increases access to potential mates (Wood 1971; 
Robinson 1987; Holland and Bennett 2011). Adult females maintain stable home 
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ranges throughout the year (Wood 1971). Females undergo density dependent 
movement; often less-fit individuals disperse to establish a home range (Holland 
and Bennett 2011). This could be the case for Site 3 females, whose establishment 
phase was slightly larger than the exploratory phase, indicating the continued 
search for territory and resources rather than settling. 
In this study males had significantly greater linear dispersal from release sites 
than females. The movement was also greater when compared to earlier research, 
indicating a response to translocation (Peakall et al. 2006; Wood 1971; Banks et 
al. 2011b). It is most likely a flight response due to the stress of being released into 
an unfamiliar environment (Dickens et al. 2010; Christie et al. 2011). Animals can 
quickly undergo linear dispersal away from the release site, suggesting 
unfamiliarity and perhaps homing behaviour (Bright and Morris 1994; 
Moehrenschlager and MacDonald 2003; Attum and Cutshall 2015). All sites were 
connected to other bushland areas through habitat corridors. This continuous 
habitat may have allowed the animals to move further because corridors provide 
less resistance and risk (Attum and Cutshall 2015). These factors could also 
explain the establishment phase’s similarity to the exploratory phase. Although 
male bush rats are often wider ranging than females, bush rat movement is over 
relatively short distances and extended dispersal is not common (Wood 1971). 
Extensive dispersal away from the release site often reduces the likelihood of 
translocation success (Moehrenschlager and MacDonald 2003; Tuberville et al. 
2005; Yott et al. 2010). Even so, when comparing to other small mammal 
translocation studies, not all bush rat males had excessive movement. This could 
be due to the release of more females than males as the males do not need to 
search as extensively for mates (Christensen and Burrows 1994; Short and Turner 
2000; Jacquot and Solomon 1997; Richards and Short 2003). 
The final display of typical behaviour would be that male/female home ranges 
overlap, and female/female home ranges stay separate, creating discrete territory 
for breeding (Robinson 1987; Holland and Bennett 2010; Wood 1971). Males 
overlap territories both with each other and with females, especially during 
mating season (Kraaijeveld-Smit et al. 2007). Breeding adult females tend to be 
intolerant of other females and occupy discrete home ranges with little overlap 
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between territories (Robinson 1987; Kraaijeveld-Smit et al. 2007). This trend was 
demonstrated in the findings with females sharing less home range than males, 
however it was not significant. Site 3 had virtually no overlap for males or females 
and females moved the greatest distances. This could indicate that resources in 
the site were insufficient; territory separation was unlikely because breeding 
success was relatively low. Animals translocated into poor habitat often have 
excessive movement and low survival (Germano and Bishop 2009; Attum and 
Cutshall 2015). Many female mammal species will have smaller home ranges if 
they have access to quality food resources, they will also occupy richest habitats 
first (Boutin 1990; Maher and Lott 2000; Jonsson et al. 2002; Finlayson and 
Moseby 2004; Fustec et al. 2001).  
Usually animals are more likely to suffer mortality if they move greater distances 
(Attum and Cutshall 2015; Kleiman 1989; Shier 2006). Extensive movements can 
lead to greater predation risk and anthropogenic encounters. They will also have 
little or no range overlap with conspecifics, which leads to low breeding 
capabilities and low population growth (Kleiman 1989; Moehrenschlager and 
MacDonald 2003; Jones and Witham 1990; Eastridge and Clark 2001; Pinter-
Wollman et al. 2009; Larkin et al. 2004). However, in this study even though the 
home ranges were larger, the smaller the establishment phase, the less likely the 
bush rat would survive after three months. This seems contradictory to previous 
findings but it could mean that the animals that moved further and more often 
were more likely to survive. Instead of reducing predation exposure, it is possible 
that limited movement may increase risks due to the accumulation of odorous 
wastes that are attractants for potential predators (Banks et al. 2002; Banks et al. 
2000). Bush rats were unfamiliar with the area, therefore unfamiliar with 
predators, competition and resources. Survival rate may have improved over time 
due to increased juvenile local experience, such as safe sources of food and escape 
routes from predators, thus motility may have also reduced (Banks et al. 2002; 
Russell et al. 2010; Sakai and Noon 1997; Bakker 2006; Bright and Morris 1994; 
Russell et al. 2010). To confirm a move back to typical behaviour, radio tracking 
would need to be extended past the two month period. This may gain insights into 
whether the effect of the translocation is limited to a certain time period after 
release, or if the animals (adults or recruits) become more familiar with the area 
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and reduce the size of their home ranges. Increasing the number of animals radio 
tracked would increase data reliability and see whether typical behaviour is 
displayed. 
After translocation animals need to establish territory and home ranges to create 
sustainable populations. Because translocation disrupts typical behaviour, 
understanding movement and dispersal of animals is crucial in the understanding 
and management of translocated populations. 
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APPENDIX 
Table A4.1. Bush rat individuals attached with radio transmitters for radio tracking across 
the four reintroduction sites in Sydney Harbour National Park. 
ID Site 
Release 
Point 
Sex 
Weight 
(g) 
Reproductive 
Condition 
Date of 
First Fix 
Date of 
Last Fix 
Total 
Fixes 
R6165 1 B5 F 117 VO 11-08-11 29-09-11 46 
R5363 1 E5 F 120 VO 11-08-11 29-09-11 55 
R2781 1 E2 F 118 VC 11-08-11 07-09-11 26 
R3578 1 D4 M 140 TD 11-08-11 07-09-11 27 
R4577 1 B2 M 128 TA 11-08-11 07-09-11 30 
R0000 1 E2 M 140 TD 20-09-11 29-09-11 31 
R5163 2 B2 F 135 VO 11-08-11 29-09-11 69 
R2582 2 D4 F 95 VO 11-08-11 29-09-11 51 
R2994 2 E2 F 120 VO 11-08-11 29-09-11 27 
R4181 2 B5 M 122 TD 11-08-11 29-09-11 62 
R5774 2 E5 M 150 TD 11-08-11 29-09-11 51 
R5962 3 D4 F 103 VO 11-08-11 06-09-11 34 
R2394 3 B2 F 128 VO 11-08-11 27-09-11 60 
R3186 3 E5 F 132 VO 11-08-11 29-09-11 57 
R1782 3 E2 F 110 VO 19-09-11 29-09-11 22* 
R3940 3 B5 M 134 TD 11-08-11 24-08-11 28 
R4951 3 E2 M 118 TD 11-08-11 29-09-11 59 
R5568 4 D4 F 107 VO 11-08-11 28-09-11 73 
R3358 4 E5 F 122 VO 11-08-11 28-09-11 78 
R3781 4 B2 F 115 VO 11-08-11 14-08-11 5* 
R4367 4 E2 M 139 TD 11-08-11 28-09-11 63 
R4761 4 B5 M 110 TA 11-08-11 23-08-11 29 
R0575 4 E5 M 111 TD 19-09-11 28-09-11 35 
Weight (g): this is the weight the bush rat was upon release into reintroduction sites. They are 
all appropriate weight to carry a 3.0g radio transmitter collar. Reproductive condition: VO = 
vagina perforate, VC = vagina closed, TD = testes descended, TA = testes ascended. VO and TD 
indicates the animal is in breeding condition and may have already begun mating. *Animals 
with < 25 total fixes was excluded from analysis. 
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Table A4.2. Radio tracked bush rats and the size of their exploratory area (ha) and 
establishment area (ha) with 50% (core area) and 95% Kernel Utilisation Distribution (KUD). 
Over the four reintroduction sites. 
Site 1 Exploratory Phase Area (ha) Establishment Phase Area (ha) 
ID Sex 50% KUD 95% KUD 50% KUD 95% KUD 
R6165 F 0.339 1.510 0.140 0.937 
R5363 F 0.074 0.303 0.051 0.251 
R2781 F 0.131 0.585 0.168 0.957 
R3578 M 0.347 1.857 0.383 1.712 
R4577 M 0.226 0.998 1.520 7.815 
R0000 M - - 0.083 0.379 
Site 2 Exploratory Phase Area (ha) Establishment Phase Area (ha) 
ID Sex 50% 95% 50% 95% 
R5163 F 0.080 0.301 0.038 0.239 
R2582 F 0.050 0.251 0.121 0.435 
R2994 F 0.990 0.565 0.036 0.148 
R4181 M 0.064 0.34 0.078 0.459 
R5774 M 0.164 0.638 0.863 3.292 
Site 3 Exploratory Phase Area (ha) Establishment Phase Area (ha) 
ID Sex 50% 95% 50% 95% 
R5962 F 0.669 2.727 0.684 2.323 
R2394 F 0.221 0.669 0.491 1.890 
R3186 F 0.271 0.941 0.325 1.054 
R3940 M 0.595 1.934 0.147 0.553 
R4951 M 0.347 1.277 0.624 2.170 
Site 4 Exploratory Phase Area (ha) Establishment Phase Area (ha) 
ID Sex 50% 95% 50% 95% 
R5568 F 0.353 1.290 0.120 0.550 
R3358 F 0.852 3.858 0.430 1.738 
R4367 M 0.551 3.376 0.472 1.982 
R4761 M 0.585 2.338 - - 
R0575 M - - 0.090 0.610 
Individuals with missing values either had their radio collar removed due to animal welfare 
concern or a radio collar attached at a later date as a replacement for the ones removed.  
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Figure A4.1. Mean area (ha ± SE) 95% KUD exploratory phase (dark grey) compared to 95% 
KUD establishment phase (light grey) across four reintroduction sites. 
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Figure A4.2. Bush rat kernel utilisation distribution (KUD) for Site 1. (A) Exploratory phase 
core area 50% KUD and (B) 95% KUD, (C) establishment phase core area 50% KUD and (D) 
95% KUD for all bush rats radio tracked (n = 3 females and 3 males). Each bush rat is 
represented by a different colour. 
A. Exploratory 50% B. Exploratory 95% 
C. Establishment 50% D. Establishment 95% 
N 
100m 
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Figure A4.3. Bush rat kernel utilisation distribution (KUD) for Site 2. (A) Exploratory phase 
core area 50% KUD and (B) 95% KUD, (C) establishment phase core area 50% KUD and (D) 
95% KUD for all bush rats radio tracked (n = 3 females and 2 males). Each bush rat is 
represented by a different colour. 
A. Exploratory 50% B. Exploratory 95% 
C. Establishment 50% D. Establishment 95% 
N 
100m 
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Figure A4.4. Bush rat kernel utilisation distribution (KUD) for Site 3. (A) Exploratory phase 
core area 50% KUD and (B) 95% KUD, (C) establishment phase core area 50% KUD and (D) 
95% KUD for all bush rats radio tracked (n = 3 females and 2 males). Each bush rat is 
represented by a different colour. 
A. Exploratory 50% B. Exploratory 95% 
C. Establishment 50% D. Establishment 95% 
N 
100m 
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Figure A4.5. Bush rat kernel utilisation distribution (KUD) for Site 4. (A) Exploratory phase 
core area 50% KUD and (B) 95% KUD, (C) establishment phase core area 50% KUD and (D) 
95% KUD for all bush rats radio tracked (n = 2 females and 3 males). Each bush rat is 
represented by a different colour. 
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Figure A4.6. Mean area (ha ± SE) comparison of male and female 95% KUD exploratory phase 
(dark grey) compared to 95% KUD establishment phase (light grey) across four 
reintroduction sites. 
 
Figure A4.7. Mean area (ha ± SE) for female bush rats (n = 11). 95% KUD exploratory phase 
(dark grey) compared to 95% KUD establishment phase (light grey) across four 
reintroduction sites. 
 
Figure A4.8. Mean area (ha ± SE) for male bush rats (n = 10). 95% KUD exploratory phase 
(dark grey) compared to 95% KUD establishment phase (light grey) across four 
reintroduction sites. 
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CHAPTER 5: Genetic Relatedness of Bush 
Rats: Social Dynamics and Population 
Structures 
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5.1 INTRODUCTION 
Behavioural research is increasingly a part of species conservation (Moore et al. 
2008). This research is important in understanding animal community dynamics 
and species interaction mechanisms (Dickman and Woodside 1983). Population 
structures are not made up of randomly mating subpopulations; many organisms 
have distinct patterns of mating and dispersal through which they form social 
groups (Sugg et al. 1996; Piertney et al. 1999). Social animals live and interact with 
each other, displaying complex relationships and social structures (Wey et al. 
2008). Knowledge of social structure (group size and composition) and spatial 
structure (spacing, dispersion and territoriality) can be useful for conservation. It 
allows researchers to understand the appropriate management practices that can 
be implemented for population interventions. The way in which individuals of a 
species react to each other brings about spacing patterns and this spacing is 
known to greatly influence population dynamics, persistence, genetics, and 
evolution of species (Brown and Orians 1970; Wolf et al. 2007). 
The composition of a group (ratio of sex, age, relatedness) and the size of the 
breeding population has direct effects on reproductive performance and survival 
of individuals (Silk 2007). Structures can limit the number of breeding individuals 
and control dispersal of individuals and sexes (Greenwood 1980; Pusey 1987; 
Piertney et al. 1999). Social structure may also increase potential for parasite, 
disease transmission and intraspecific competition between individuals, resulting 
in reproductive suppression (Alexander 1974; West et al. 2002). However, it can 
also provide reduced risk of predation, increase success in finding and 
maintaining resources and create mating opportunities (Wolf et al. 2007; Blundell 
et al. 2004; Alexander 1974). These relationships vary according to abundance 
and spatial distribution of resources, population density and predation pressure 
(Wey et al. 2008). Fitness benefits can occur directly (individual level) through 
reproductive success, or indirectly through reproductive success of related 
individuals (kin selection) (Blundell et al. 2004). 
For many animals, information on social structures and interaction is unknown 
(e.g. cryptic or endangered wildlife). For this reason, assumptions are made, 
animals that are clustered (spatially and temporally, e.g. share a proportion of 
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their home range) are likely to interact with one another and thus are seen as 
being associated (Whitehead and Dufault 1999). However, with the growing 
development and application of molecular markers, research into social 
structures of wild populations has improved; contributing information that could 
not be obtained from field observations alone (Berger-Wolf et al. 2007; Harrison 
et al. 2013). The ability to infer genetic relationships within populations has 
enhanced many areas of research in behaviour, evolution and conservation 
(Blouin 2003). Knowledge of kinship and reconstruction of pedigrees allows the 
investigation of mating systems and reproductive success, selection and 
adaptation, kin selection and dispersal patterns (Berger-Wolf et al. 2007; Harrison 
et al. 2013). 
Kinship or pedigree reconstruction are important in investigations of wild 
populations (Ashley et al. 2009). The aim is to identify family groups and 
relationships between a pair of individuals, including parent-offspring, full 
siblings, half siblings, or unrelated (Wagner et al. 2006; Ashley et al. 2009). 
Parentage studies and sibship reconstructions have become increasingly popular 
approaches to estimate population parameters such as population structure, 
sexual selection (Nussey et al. 2005; Yezerinac et al. 1995) and connectivity 
through migration, dispersal or recruitment (Nathan et al. 2003; Planes et al. 
2009; Harrison et al. 2013; Jones et al. 2010). They have revealed aspects of 
inbreeding and trait heritability (Ritland 2000), genetic adaptation of wild species 
to captivity (Christie et al. 2012) and assisted in the restoration of captive and 
endangered populations (Keller and Waller 2002).  
Bush rats are generally a solitary breeding species grouped by local clusters of 
higher density, less than 200m across at local spatial scales (Fst = 0.041-0.072) 
(Peakall et al. 2003; McEachern et al. 2007). Adult females maintain stable home 
ranges throughout the year (Wood 1971). Adults have considerable overlap of 
ranges with juveniles. Adult females may also share their burrow with juveniles 
(both males and females) (Woodside 1983). Bush rats can have high fecundity and 
produce litters of up to eight, with an average of four (Lindenmayer et al. 2005). 
Most individuals nest alone and their offspring (both sexes) disperse once they are 
weaned (Peakall et al. 2003). Breeding adult females are intolerant of other 
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females and occupy discrete home ranges (Robinson 1987). Individuals have an 
average life span of 12 to 15 months and populations have an annual turnover 
(Warneke 1971; Wood 1971; Taylor and Calaby 1988).  
Spatial autocorrelation is a statistical tool used in landscape genetics to identify 
fine scale genetic patterns. It compares genetic and geographic distance between 
individuals to identify extent of spatial genetic structure in a population. Positive 
spatial genetic structure indicates patterns of local relatedness due to restricted 
dispersal or social organisation. Bush rats have a positive spatial genetic structure 
indicating restricted gene flow where proximate bush rats (within 500m) are 
more genetically similar than distant individuals (Peakall et al. 2003). This 
restricted gene flow is consistent across sites, age-class and sex (Peakall et al. 
2003). Due to this, breeding and population establishment could be negatively 
affected by translocation, if bush rats are moved with unfamiliar individuals. It is 
expected that conserving familiar bonds (including relationships between 
individuals e.g. siblings) will improve the chances of translocation success (Letty 
et al. 2007; Kleiman 1989; Shier 2006; Armstrong 1995). Founder groups that are 
familiar with each other may have lower aggression and dispersal; heightened 
aggression and dispersal are stressful for the animal and exclude individuals from 
quality resources (Armstrong and Craig 1995; Armstrong 1995). Familiar groups 
will be able to pair quickly and thus have higher reproductive success, recruitment 
and survival of juveniles (Ylönen et al. 1990; Beletsky and Orians 1989; Letty et al. 
2007; Armstrong and Craig 1995), thus improving overall survival and population 
growth (Anstee et al. 1997; Letty et al. 2007). Genetic studies can help determine 
if individuals are related and help researchers to maximise the success of such 
translocations by releasing in familiar groups. 
5.1.1 Aims 
The aim of this chapter is to determine genetic relatedness of bush rats released 
into Sydney Harbour National Parks (SHNP), and to establish if spatial structure 
and breeding success is being influenced by genetic structure. This study will find 
sibships and parent-offspring relatedness to determine the following hypotheses:  
1. If there is a higher incidence of sibship relatedness on site, then the 
survival/retention rate of bush rats will increase. 
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2. If bush rats do not display structured breeding hierarchies (where a small 
amount of animals produces the majority of offspring), then translocation 
has disrupted the breeding structure. 
3. If body mass relates to breeding success, then larger bush rats will produce 
a greater number of offspring. 
4. If relatedness influences movement and virus susceptibility, then related 
individuals would overlap in territory and Encephalomyocarditis virus 
(EMCV) would have an increased rate of occurrence. 
The study will also demonstrate whether the method of grouping animals that 
were caught close together was an effective strategy in predicting relatedness. 
Also if genetic testing is a more accurate way of determining post release survival 
of bush rats than trapping alone. 
5.2 METHODS 
5.2.1 Study Species 
As described in chapter 2, the bush rats (Rattus fuscipes) were sourced from two 
populations north of Sydney in August 2011; 50 individuals (30 females and 20 
males) from Ku-ring-gai Chase National Park and 50 individuals from 
Muogamarra Nature Reserve (over 6km between the two sites). Animals caught 
closest together were kept together to maintain familiar groups (Armstrong 
1995). Individuals were kept in these two populations and released into four sites 
in SHNP. Bush rats from Ku-ring-gai Chase NP were released into Site 1 and Site 2, 
15 females and 10 males in each site. Bush rats from Muogamarra NR were 
released into Site 3 and Site 4. Site 1 and Site 2 were geographically close to each 
other, as were Site 3 and Site 4, but Site 1 and 2 were not close to Site 3 and 4 as 
they were on opposite headlands of Sydney Harbour (see Figure 2.4). Thus, two 
genetic populations were analysed, Site 1 and Site 2 (S1+S2) and Site 3 and Site 4 
(S3+S4). A small piece of ear tissue was taken from each individual prior to release 
using a 2mm biopsy punch. The tissue was kept in 70% ethanol for genetic 
analysis. New individuals trapped after the release of the 100 bush rats were 
considered offspring and ear tissue was collected and added to the pool of data for 
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each population (for further details on site layout, trapping and handling methods 
please see Chapter 2 and 3). 
5.2.2 Microsatellites 
Microsatellites were used to examine the genetic relationships between the bush 
rats. Microsatellites are short tandem repeats in DNA sequences (Maher 2009; 
Lindenmayer and Peakall 2000). The number of repeats is variable in populations 
of DNA and within the alleles of an individual (Lindenmayer and Peakall 2000). 
Microsatellites are highly polymorphic (hypervariable), locus- and species-
specific and codominant (heterozygote), which means individuals in a population 
carry two different alleles at a locus (Jones et al. 2010; Karaket and Poompuang 
2012; Hughes 1998; Maher 2009; Ellegren 2004). Gene flow can then be analysed 
with the transfer of alleles within and between populations that comes from 
migration and dispersal (Ellegren 2004). Microsatellites contain null alleles, have 
high mutation rates and can work with degraded DNA (Jones et al. 2010; Karaket 
and Poompuang 2012; Hughes 1998; Maher 2009). For this study, 11 
microsatellite loci were chosen to determine relatedness between individual bush 
rats in SHNP (see Appendix Table A5.1 for microsatellite makers used). These loci 
were taken from studies by Peakall et al. (2006) and Peakall et al. (2003). Eleven 
loci is a sufficient number in determining parent-offspring pairs and full sibship 
from unrelated dyads (Blouin 2003). Peakall et al. (2006) selected two 
microsatellite loci that had been described in Peakall et al. (2003), with an 
additional nine loci from the public list of mapped microsatellite markers for the 
black rat (Rattus rattus) (Genetic Maps of the Rat Genome 2000 
http://www.broadinstitute.org/rat/public/). There have been a large number of 
microsatellite loci developed for genetic mapping in the black rat and with cross 
species amplification can be used for studies in the bush rat. Peakall et al. (2006) 
chose the loci described here based on the criteria that the loci were all 
commercially available as fluorescently labeled primers; they exhibited high 
heterozygosity and allele numbers; and there were no more than two autosomal 
loci per chromosome. The loci produced amplification products of appropriate 
size and were polymorphic (Peakall et al. 2006). The characteristics of 
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microsatellites and the selected loci make them appropriate for the genetic 
analysis being undertaken in this study. 
5.2.3 DNA Extraction and Laboratory Procedures 
Ear tissue was available from 100 bush rats that were initially released into SHNP. 
It was also collected from 25 newly captured individuals from S1+S2 and 42 newly 
captured individuals from S3+S4. DNA was extracted from this ear tissue by 
Australian Genome Research Facility Ltd (AGRF, Adelaide, SA). After extraction, 
AGRF isolated and amplified the 11 microsatellite loci chosen following the PCR 
procedure outlined in Peakall et al. (2006), with supporting documents from 
Peakall et al. (2003), Gilmore and Peakall (2003) and Schuelke (2000). One primer 
for each locus was re-synthesised with the addition of the –21M13 (5’-
TGTAAAACGACGGCCAGT) sequence at the 5’ tail for genotyping (Schuelke 2000). 
Each of the PCR reactions was then labeled with a different-colored fluorescent 
tag, which was attached to a –21M13 primer and added to the PCR reaction 
(Peakall et al. 2006). The length of each microsatellite was determined using 
capillary electrophoresis of the amplified product, which was performed by AGRF 
using a 3730 DNA Analyser (Applied Biosystems, California, USA). The internal 
size standard LIZ 1200 (Applied Biosystems) was applied to each sample. 
GeneMapper® Software Version 4.0 Microsatellite Analysis (Applied Biosystems) 
was used to sample files, size and genotype the alleles.  
5.2.4 Statistical Analysis 
Loci characteristics were calculated using the likelihood-based software CERVUS 
3.0.7 (Marshall et al. 1998; Kalinowski et al. 2007). Allele frequencies, PIC 
(Polymorphic Information Content), the observed (Ho) and expected (He) 
heterozygosity, exclusion probabilities and estimate potential null-allele rates 
were all identified. GENEPOP 4.2 (Raymond and Rousset 1995) was then used to 
determine departure from Hardy-Weinberg equilibrium (HWE) via Fis estimates 
(Weir and Cockerham 1984; methodology Guo and Thompson 1992). Hardy-
Weinberg exact tests were performed using Markov chain parameters for all tests 
and 1000 iterations per 500 batches (S.E. > 0.01). GENEPOP was also used to test 
for genetic linkage disequilibrium between each pair of loci using the log 
likelihood ratio statistic and Markov chain parameters for all tests at 1000 
Megan Callander – Translocation and Reintroduction of Native Bush Rats 
105 
 
iterations per 1000 batches (S.E. > 0.01). If the loci did not deviate from the HWE 
(p > 0.05 after Bonferroni correction), or have linkage disequilibrium (p > 0.000) 
and the null allele frequency was < 0.05, it was accepted as a potential 
microsatellite marker to determine relatedness.  
Simulations were conducted in CERVUS to estimate the statistical confidence of Δ 
(the difference between log likelihood (LOD) scores of the two most likely 
candidate parents) (Marshall et al. 1998; Onorato et al. 2011). Simulation of 
Parentage Analysis was used with parent pair (sexes known) parameters. 
Offspring cycles were set to 100,000, with 0.95 proportion of candidate parents 
sampled. Genotyping error rate was set at 0.025 and confidence levels for ΔLOD 
were 80% (relaxed) and 95% (strict) (Kalinowski et al. 2007; Marshall et al. 1998; 
Wiszniewski et al. 2011; Wang 2004).  
CERVUS was then used to assign each offspring to a parent pair, based on a pair-
wise maximum likelihood approach (Jones and Wang 2010; Karaket and 
Poompuang 2012). Parents were defined as the 100 original released bush rats 
and offspring were defined as any subsequent new individuals caught at each site. 
Two genetic populations were analysed, S1+S2 (bush rats sourced from Ku-ring-
gai Chase National Park) and S3+S4 (bush rats sourced from Muogamarra Nature 
Reserve). Parentage analysis (parent pair – sexes known) was used to find the 
most likely candidate parent (with the highest LOD score) for each bush rat 
offspring (Marshall et al. 1998; Kalinowski et al. 2007). Parentage was assigned 
when Δ was strict confidence = 95%, LOD > 0.0 and a maximum of one allele 
mismatched (Marshall et al. 1998). A LOD of 3.0 means that the assigned parent is 
around 20 times more likely than not to be the true parent (Slate at al. 2000). 
COLONY 2.0.6.1 (Jones and Wang 2010; Wang and Santure 2009; Wang 2012) is a 
full-pedigree maximum likelihood based program that assigns parentage and 
sibship among individuals with multilocus genotypes (Ferrie et al. 2013). 
Potential full- and half-sibships among adult bush rats were examined, and family 
clusters with offspring were created. Polygamous Mating System was used for 
both male and female bush rats and a full likelihood analysis was run. COLONY 
gives a probability value to each result, for this study only those with a probability 
higher than or equal to 50% were taken into account. Visualisation of offspring-
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parent relationships was implemented with NodeXL Network Graphs (Social 
Media Research Foundation 2014). Microsoft Excel was used to make 
comparisons of siblings across sites. Regression was used to see if there was any 
relationship between likelihood of being a parent and initial weight. Survival 
probability was assessed using Kaplan Meier tests. 
5.3 RESULTS 
5.3.1 Genetic Diversity and Properties of Microsatellite Markers 
Eleven microsatellite loci were genotyped for 60 adult females, 40 adult males and 
67 newly caught individuals (offspring) across the four reintroduction sites (Site 
1, Site 2, Site 3 and Site 4). Out of the potential 167 tissues samples, 151 
individual’s microsatellite markers amplified sufficiently for genetic analysis. In 
the S1+S2 genetic population, 23 females, 15 males and 25 offspring 
microsatellites were amplified and subsequently were able to be analysed. In the 
S3+S4 genetic population 27 females, 19 males and 42 offspring microsatellites 
were amplified and subsequently were able to be analysed. 
Of 11 microsatellite loci analysed in this study, all were highly informative, with 
average expected heterozygosity (He) of 0.82 (for both populations), observed 
heterozygosity (Ho) of 0.82 and a PIC score (polymorphism information content) 
of 0.80. Expected heterozygosity ranged from 0.66 to 0.92 and PIC ranged from 
0.60 to 0.91. All were greater than 0.5, polymorphic and informative, thus 
remaining in the study. The number of alleles per locus varied from 6 to 16 (mean 
11.27) and 7 to 20 (mean 12.72) for populations S1+S2 and S3+S4, respectively 
(see Appendix Table A5.2 for genetic diversity estimates of the 11 microsatellites). 
5.3.2 Sibship Assignment 
COLONY was used to assign sibship to 100 bush rats released in S1+S2 and S3+S4 
populations. Likelihood is calculated for all possible relationships and a 
probability is assigned to each relationship; any pair that was not identified with 
a probability > 0.5 as being full siblings or half siblings was considered unrelated.  
In the release groups (five bush rats per group, five groups per site) only 33% on 
average were actually related, although, 67.25% on average, were siblings across 
the whole site (across all five groups released, 25 bush rats per site). This indicates 
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that the bush rats released in family groups may not have been allocated correctly 
but bush rats caught closer together are still more likely to be siblings (R2 = 0.66, 
Figure 5.1). 
 
Figure 5.1. The number of siblings that were captured at the source sites (Muogamarra 
Nature Reserve and Ku-ring-gai Chase National Park, August 2011) and the distance (m) 
between their captures. 
 
In S1+S2 population there were 38 possible sibling pairs. Within Site 1 there were 
17 pairs and Site 2 had 11 possible sibling pairs. There were 10 sibling pairs that 
were released onto separate sites (i.e. one sibling on Site 1 and the other on Site 
2). In S3+S4 population there were 44 possible sibling pairs. Within Site 3 there 
were 15 pairs and Site 4 had 9 possible sibling pairs. There were 20 sibling pairs 
that were released onto separate sites (i.e. one sibling on Site 3 and the other on 
Site 4). Although not significant, Site 4 has the smallest number of potential 
siblings followed by Site 2 (F3,19 = 0.38, p = 0.77). These two sites were also the 
most successful in terms of bush rats remaining on the release site and breeding. 
Males and females had a similar number of related animals per site (p = 0.91). 
Survival over time was similar between related and unrelated individuals across 
all sites, log rank 𝜒2 = 0.09, p = 0.77 (Figure 5.2). The difference between 
probability of survival over time for related and unrelated males was also similar, 
log rank 𝜒2 = 0.52, p = 0.47 (Figure 5.3), and for females log rank 𝜒2 = 0.78, p = 0.38 
(Figure 5.4). 
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Figure 5.2. Probability of survival from time released (months) for related (light grey) and 
unrelated (dark grey) bush rats across all four reintroduction sites. 
 
Figure 5.3. Probability of survival from time released (months) for related (light grey) and 
unrelated (dark grey) male bush rats across all four reintroduction sites. 
 
Figure 5.4. Probability of survival from time released (months) for related (light grey) and 
unrelated (dark grey) female bush rats across all four reintroduction sites. 
 
The percentage of animals remaining on each site over time was similar for both 
related and unrelated bush rats (Site 1: F1,11 = 0.16, p = 0.70; Site 2: F1,11 = 0.14, p 
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= 0.71; Site 3: F1,11 = 0.04, p = 0.86; Site 4: F1,11 = 1.70, p = 0.22) (Figure 5.5). After 
10 months, Site 4 was the only site to have only unrelated individuals left (Figure 
5.5). 
 
Figure 5.5. Percentage of related (light grey) bush rats remaining on each of the four 
reintroduction sites compared to unrelated (dark grey) bush rats over a ten month period 
after release in August 2011. 
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Out of the animals remaining on each site that also produced offspring, seven out 
of 13 individuals (54%) in S1+S2 populations were considered related to another 
individual (> 0.5 probability of sibling relationship) and in S3+S4 populations 13 
out of 24 individuals (54%) were considered related to another individual (Figure 
5.6, only sibling relatedness highlighted. Figure 5.8 has parent/offspring 
relationships highlighted). 
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Figure 5.6. Assigned sibship and parent-offspring relationship for bush rats in S1+S2 
population (A) and S3+S4 population (B). Relationships identified as full sibling and half 
sibling, pairs assigned if the probability of the relationship is > 0.5. Each node (adult/adult or 
adult/offspring) relationship is connected by an edge. Only adult sibling relationships 
(parents) are highlighted with colours. Groups are clustered by families – Mother and/or 
Father with Offspring. Colour-coded to distinguish male from female and different sites. Red 
= Mother in Site 1 or Site 3, Blue = Mother in Site 2 or Site 4, Orange = Father in Site 1 or Site 3, 
Purple = Father in Site 4, no males from Site 2 were both fathers and related to another adult. 
Mothers and fathers also have sites assigned to them after their number, this indicates where 
the adults were originally released (e.g. Father 4-S1 = father number 4 was released into Site 
1). For offspring, the site indicates where the new individual was first captured (e.g. Offspring 
7-S4 = offspring number 7 was first captured in Site 4). Larger circles indicate parent with a 
greater number of offspring. Populations are grouped in S1+S2 and S3+S4 because bush rats 
were from the same source population, so two related individuals may have been released on 
separate sites (e.g. Mother 2-S2 is related to Father 4-S1). 
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Approximately a quarter of the population (26%, Figure 5.7) was not recaptured 
but had offspring, so it could be assumed they survived but may have been trap 
shy or dispersed. Thus, trapping alone may underestimate the number of animals 
known to be alive. 
 
Figure 5.7. The percentage of bush rats recaptured (dark grey) over the trapping period 
(September 2011 to May 2014) in the four reintroduction sites compared to the percentage of 
bush rats that were not recaptured but produced offspring (light grey) determined with 
genetic analysis. 
 
Kin sharing home ranges could not be determined as no genetically related 
individuals that were radio tracked (see Chapter 4) overlapped in 50% core home 
ranges (50% KUD establishment phase). 
Relatedness was compared with virus status. Out of the 39 rats that were tested 
for the Encephalomyocarditis virus, 27 were related. Of the 27, eight were positive 
(28%). Out of the 12 rats tested that were unrelated, seven were positive (48%). 
The difference, however, was not significant (p = 0.37).  
5.3.3 Parentage Assignment 
Parentage analysis in CERVUS used 37 candidate parents and 25 offspring from 
S1+S2 and 44 candidate parents and 42 offspring from S3+S4, which resulted in 
33 and 53 positive assignments respectively. CERVUS excluded any individual that 
had loci amplification of three or less. The criteria for accurate assignment was Δ 
strict confidence (95%), pair LOD (logarithm of the likelihood ratio) score > 0, and 
a mismatch of loci pair ≤ 1.  
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For individuals’ assigned parentage, LOD scores ranged from 2.49-13 (mean = 
6.54) for S1+S2 population and 0.97-17.3 (mean = 7.16) for S3+S4 population. 
Delta values (difference in LOD scores between most likely and second most likely 
parent) ranged from 1.93-13 (mean = 6.23) for S1+S2 population and 1.64-17.3 
(mean = 7.02) for S3+S4 population. Mismatching rates, likely reflecting miss-
scorings or mutations, were found to be fairly low in most cases. Mean observed 
mismatching was 1.05 across all loci (see Appendix Table A5.3 for parentage 
assignment). 
Eleven (44%) parent-offspring trios were assigned at S1+S2 population and ten 
(40%) parent-offspring pairs, giving a total of 21 (84%) offspring positively 
assigned (Figure 5.8A). 19 (45%) parent-offspring trios were assigned at S3+S4 
population and 12 (29%) parent-offspring pairs, giving a total of 31 (74%) 
offspring positively assigned (Figure 5.8B). In S1+S2 population, offspring were 
assigned to eight of the 23 females (five from Site 1 and three from Site 2) and five 
of the 14 males (four from Site 1 and one from Site 2). In S3+S4 population, 
offspring were assigned to fifteen of the 25 females (eight from Site 3 and seven 
from Site 4) and nine of the 19 males (six from Site 3 and three from Site 4). Two 
females from Site 1 had offspring in Site 2 and BH (Bradley’s Head trapping site is 
part of the Bush Rat Project and is 500m from Site 1), one male from Site 1 had 
offspring in BH, and one female from Site 2 had offspring in Site 1 (Figure 5.8A). 
Three females from Site 3 had offspring in Site 4 and NH5 (North Head 5 trapping 
site is part of the Bush Rat Project and is 500m from Site 3 and 4), two males from 
Site 3 had offspring in Site 4 and NH5, two females from Site 4 had offspring in Site 
3 and two males had offspring in Site 3 (Figure 5.8B). CERVUS and COLONY had 
very similar assignment results, the difference being CERVUS positively assigned 
three additional candidate mothers for both S1+S2 and S3+S4 populations, which 
are included in the analysis. 
There was no obvious dominant breeder (male or female that produced the 
majority of offspring) for any of the sites. But Site 3 did have the highest number 
of mothers with a single offspring (Figure 5.8). Overall 52% of mothers produced 
one offspring and 4% produced five offspring. 29% of fathers produced one 
offspring and 14% produced five offspring (Figure 5.9 and Figure 5.10).  
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Figure 5.8. Assigned parent-offspring relationship for bush rats in S1+S2 population (A) and 
S3+S4 population (B). Each node (adult/offspring) relationship is connected by a directional 
edge. Each site, parent and offspring is colour-coded and clustered by families – Mother 
and/or Father with Offspring. Red = Mother in Site 1 or Site 3, Blue = Mother in Site 2 or Site 4, 
Orange = Father in Site 1 or Site 3, Purple = Father in Site 2 or Site 4, Teal = Offspring in Site 1 
or Site 3, Pink = Offspring in Site 2 or Site 4, Green = Offspring in BH or NH5. Mothers and 
fathers also have sites assigned to them after their number, this indicates where the adults 
were originally released (e.g. Mother 5-S1 = mother number 5 was released into Site 1). For 
offspring, the site indicates where the new individual was first captured (e.g. Offspring 3-S2 = 
offspring number 3 was first captured in Site 2). Bradley’s Head (BH) and North Head 5 (NH5) 
are two trapping grids within the 16 sites that were part of the Bush Rat Project, BH is 500m 
from Site 1 and NH5 is 500m from Site 3 and Site 4. Larger circles indicate parent with a 
greater number of offspring. Populations are grouped in S1+S2 and S3+S4 because adult bush 
rats may move to an adjacent site to breed (e.g. Mother 5-S1 is parent to Offspring 3-S2, each 
on a different site). 
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Figure 5.9. The number of parents and the corresponding number of offspring produced at 
S1+S2. Three out of 8 mothers (dark grey) produced one offspring each and one mother 
produced five offspring. Two out of five fathers (light grey) produced one offspring each and 
one father produced five offspring. 
 
Figure 5.10. The total number of parents and the corresponding number of offspring produced 
at S3+S4. Nine of 15 mothers (dark grey) produced one offspring each. Two out of nine fathers 
(light grey) produced one offspring each and one father produced five offspring. 
 
Initial weight of male bush rats upon release did not significantly influence 
whether they bred and their offspring survived (F1,39 = 1.36, p = 0.25). However, 
female initial weight of mothers compared to non-mothers was closer in 
significance, with mother’s initial weight being slightly heavier than non-mothers 
(F1,59 = 3.14, p = 0.08). There was no relationship between the number of offspring 
and the weight of the parent (Figure 5.11).  
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Figure 5.11. Relationship between the number of offspring produced and the initial weight of 
the mother (A) and father (B). 
 
5.4 DISCUSSION 
Genetic analysis determined if degree of relatedness influenced survival, fecundity 
of parents, breeding structure, movement or virus status. Bush rat spatial 
relatedness in this study was consistent with previous studies; proximate bush 
rats are more genetically alike than more distant animals, with a high degree of 
relatedness amongst animals captured close together (Peakall et al. 2003; 
Macqueen et al. 2008). The number of related individuals per site was on average 
68% and the closer the bush rats were caught at the source sites, the more likely 
they would be related. However, there was a trend indicating that the higher the 
number of sibling pairs the less successful the site would be, with fewer animals 
remaining. Site 4 had the lowest number of sibships. This site was also the most 
successful in terms of having the most females and offspring remaining on site at 
the final trapping session (see Chapter 3). However, the difference was not 
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significant and the unrelated bush rats had equal chance at surviving and 
remaining on sites as the related individuals. 
Previous studies suggests translocations work best when social groups are 
maintained (Letty et al. 2007). In other studies, however, familiarity among 
released individuals did not affect translocation success (Boonstra and Hogg 
1988; Armstrong 1995; Anstee and Armstrong 2001; Letty et al. 2007). This could 
be due to translocation destabilising the structure of the moved familiar groups 
(Richard-Hansen et al. 2000; Fritts et al. 1984; Letty et al. 2007). Groups can be 
disrupted because translocation can lead to a high mortality rate, dispersal and 
influence the establishment period and breeding. There was also no difference 
between males and females, in terms of remaining on site. Again translocation may 
have broken familiar bonds between individuals as other studies have indicated 
that female bush rats stay in the natal area, although not in close proximity to 
other females, and males disperse to find mates (Woodside 1983; Lindenmayer et 
al. 2005; Peakall et al. 2003; Macqueen et al. 2008).  
The bush rats released in SHNP were polygamous with both sexes sharing 
offspring with multiple partners. But there was no clear indication of a structured 
female or male breeding hierarchy in the populations; where a small number of 
animals produce the majority of offspring. Typically female bush rats are highly 
territorial and will exclude other females from breeding in the same area 
(Woodside 1983). Adult females maintain discrete spacing in all seasons and the 
first female to enter estrous is socially dominant and the only female to breed 
(Woodside 1983). The establishment of a new hierarchy after translocation may 
have allowed more females to breed in a closer proximity to each other. Average 
female home ranges in this study were larger than typically expected (0.26-0.84ha 
larger, see Chapter 4), and the majority of the mothers had offspring in the same 
release area. This indicates that the females were tolerating each other and 
allowing home range/breeding overlap. This could also indicate the establishment 
of a hierarchy with multiple females breeding at once, perhaps to be the first, most 
dominant breeding female (Woodside 1983). Out of the animals that bred in each 
population, 54% had related individuals released with them, which indicates that 
if there was any socially dominant breeding it was not influenced by the genetic 
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structure of the population. Site 3 had the highest number of mothers with a single 
offspring (75% of mothers), indicating the least potential for a structured 
hierarchy. This site was also the least successful site in terms of having animals 
remaining on site to produce a second and third generation. Again, this could be 
due to translocation disrupting breeding structure – when the environment is not 
stable the animals may disperse away from the site to find other territory for 
breeding. Resource limitation may also result in low breeding success in rodents 
which can lead to low recruitment (Koskela et al. 1998; Singleton et al. 2001). Low 
recruitment could also be the result of low capture rates, as juveniles are often 
difficult to trap and juvenile survival and establishment is poor, especially with 
translocation (Smith et al. 1975; Holland and Bennett 2011). Further, juvenile 
survival can be aided through mutual familiarity which decreases antagonism 
(Ylönen et al. 1990). 
Vertebrate social systems are not necessarily fixed. Many species are socially 
flexible in response to spatial or temporal variations in the environment and 
variation is not often attributable to any single factor (Lott 1984, 1991; Travis et 
al. 1995; Streatfeild et al. 2011; Schradin and Pillay 2005; Moehlman 1998; 
Randall et al. 2005). Many small rodent species can alter both the structure and 
size of their groups in response to changing demographic and ecological 
conditions (Lott 1991; Travis et al. 1995). For example, intraspecific variation in 
social mating systems may be influenced by ecological factors like environmental 
variability, food resources, population density and spatial distribution (Lott 1991; 
Lott 1984; Streatfeild et al. 2011; Schradin and Pillay 2005). The great gerbil 
(Rhombomys opimus) has flexible social behavior that is adaptive in desert 
conditions (Randall et al. 2005). Females are solitary when social behaviour is 
disrupted because of limited food and high mortality. Female kin will form groups 
and share territories when conditions for survival and reproduction are 
favourable. Male systems will adjust depending on the distribution of females 
(Randall et al. 2005). Different populations of Prairie voles (Microtus ochrogaster) 
can occur as single females, in pairs, or in groups of many adults of both sexes, this 
variation can also occur within the same population (Roberts et al. 1998; McGuire 
and Getz 1998; Schradin and Pillay 2005). The striped mouse (Rhabdomys 
pumilio) from different environments in southern Africa demonstrate differences 
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in social organisation (Schradin and Pillay 2005). Striped mice in the arid 
succulent karoo (a desert with dwarf succulent shrubs) live in social groups made 
up of multiple adults of both sexes that share the same nest and territory. In the 
moist grasslands they are solitary and females occupy exclusive territories, while 
males will overlap territories of several females (Schradin and Pillay 2005). 
Parallels could be drawn here in comparison to the bush rat populations in this 
study. However, it is not known if any of the animals in this study shared nests. 
This information would be helpful in determining if translocation changed social 
structures by enhancing familiar group relationships, as nesting together is not 
known to be a common behaviour in bush rats (Woodside 1983; Peakall et al. 
2003). 
Initial weight for male bush rats was not a factor in determining if they bred and 
produced viable offspring or the number they produced. Females were similar as 
their initial weight did not influence the number of offspring they produced. There 
was also no obvious breeding structure, so translocation and dispersal could have 
influenced the reproduction hierarchy – with many females breeding to establish 
dominance, as the first female to breed is usually the dominant in the area 
(Woodside 1983). 
Genetic testing is complimentary to trapping and adds data that would have 
otherwise been missed. Trapping alone underestimated the number of bush rats 
remaining by approximately 25%. Because of genetic testing we can see that both 
male and female bush rats dispersed after translocation. If the trapping grids were 
expanded further the number of bush rats known to be alive could increase. 
Although dispersal was not influenced by relatedness, genetic analysis did help in 
its detection, evidenced by the location of offspring. Bush rats released in one site 
had offspring in another site (indicating dispersal), or several sites (adult and/or 
juvenile dispersal). The majority of movement occurred in S3+S4 populations; at 
least five females and four males moved to other areas to breed and produce 
offspring. In the S1+S2 populations three females and one male dispersed to 
reproduce. Translocation stress may have prompted this movement, but the fact 
that animals began to produce offspring could indicate that they found suitable 
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habitats, gained new territory and established home ranges away from potentially 
dominant individuals.  
Genetic analysis cannot be used in isolation as not all potential parents were 
sampled, and not all microsatellites were amplified enough to include all adults. 
Complete sampling of offspring population was also not possible due to juvenile 
trapping success and potential survival. Most bush rat litters consist of 3-4 
individuals which is a higher number than found in this study. Further, this study 
only consisted of one generation, because of the bush rats’ short life span more 
than one generation would need to be analysed to see any trends emerge. The use 
of more microsatellite loci could define more relationships, more than 30 loci are 
needed to get accurate third degree removed relationships (Ferrie et al. 2013). 
Additional markers would have also reduced effects of potential error (Ferrie et 
al. 2013) and led to more accurate conclusions. 
Overall social familiarity was not necessary for bush rats to survive and stay on 
the release site, there was equal chance that all animals would disperse. They also 
displayed a polygamous social structure rather than a few animals producing the 
majority of young. However, translocation and variable habitat may have 
disrupted the typical behaviour of the bush rats. With continued observation of 
these populations it may have been observed that the system stabilised over time, 
returning to a hierarchical state. Or, if the system stayed in a polygamous non sex-
biased dispersal system, this would mean bush rats have a fluid social structure 
that can adapt to changing environments, making it an excellent species to use in 
translocation. For translocation success, community dynamics, group size and 
composition, spacing, dispersion and territory within populations need to be 
understood. Genetic analysis aids in the understanding of these population 
structures and can be a very useful tool of conservation biology. 
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APPENDIX 
Table A5.1. Eleven microsatellite loci and primer sequences (5’ – 3’) used for relatedness 
analysis of bush rats reintroduced into Sydney Harbour National Park. 
Name Locus Forward Primer Reverse Primer 
C2* C2 CCTCCCACACTGCCCAAACA TGCCCTAAATTCCATCCTTAGCA 
D14 D14Rat75 GCACACTGCAGTGAGACAAAA TGACCCTTCAGTTGCAAATTC 
D15 D15Rat123 CCCCTACATCCATGGCATAC TTCCCCCTCTTGTTCTTCCT 
D17 D17Rat70 TGGGACCTTCTCCATTGTTC ACCAACAGCACACATGCAAG 
D18 D18Rat96 TGGACATCCTCAATGGACCT GCAGATCTCTCCTCCACAGC 
D2 D2Rat118 TGACCTAACCCAGGTGGGTA CCTCATGAGTCTCTCCCCAT 
D3 D3Rat80 AGGAGTGTCGACGCATTCAT TTGTTTTGTAAATTGGATGCTCA 
D5 D5Rat33 TGGAGAAAAGAAGAACCTCCA GTGCCCCTCAGACTGAACTC 
D7 D7Rat128 TTAAGGCCCTTGCAGATTT GCTTCTGGGGCACCTATACT 
D8 D8Rat123 ACACAGGGGAGCAGCTAGTG CTTTGAACAGAGCAGCCTGG 
E5* E5 CATGAAGAAGGCTCAGCAAGCA GCTAGGCTCCTCTCTAAGCACTGA 
* All primers were obtained from Peakall et al. 2006, except those highlighted that were from 
Peakall et al. 2003. 
CERVUS indicated the presence of significant null allele frequencies (> 0.05) at 
four of the loci, C2 and D3 at S1+S2, and D18 and D2 at S3+S4 (Table A5.2). This 
indicates that these loci should be excluded from the analysis. However, as there 
was no deviation from Hardy-Weinberg equilibrium (HWE), they were included 
in analysis. No significant deviations from HWE were found after applying exact 
tests and using Bonferroni correction (p > 0.05). Tests for linkage disequilibrium 
demonstrated independent assortment of all 11 loci, and no disequilibrium was 
detected for any pairs (p < 0.000). For these reasons, all 11 loci were included in 
the analysis. 
CERVUS also calculates the non-exclusion probability for each locus to quantify 
the degree of statistical confidence for those assignments (Onorato et al. 2011). 
The combined non-exclusion probability over 11 loci was close to zero due to high 
levels of polymorphism of the loci (Table A5.2). The average non-exclusion 
probability for each locus is the probability of not excluding a candidate parent 
(NE-1P), a candidate parent with a known genotype of the second parent (NE-2P) 
and a candidate parent pair of an offspring (NE-PP) (Karaket and Poompuang 
2012). 
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Table A5.2. Genetic diversity estimates of 11 microsatellite loci used for parentage and sibship 
assignment of bush rats. Including the number of alleles (NA), observed heterozygosity (Ho), 
expected heterozygosity (He) polymorphism information content (PIC), the frequency of null 
alleles (F (Null)), and average non-exclusion probabilities (NE-1P, NE-2P, NE-PP) as estimated 
by CERVUS. 
 S1+S2 Population 
Locus NA Ho He PIC F (Null) NE-1P NE-2P NE-PP 
C2 6 0.638 0.794 0.757 0.1067 0.590 0.411 0.227 
D14 15 0.904 0.914 0.898 0.0015 0.322 0.191 0.059 
D15 12 0.889 0.881 0.862 -0.0089 0.404 0.252 0.096 
D17 11 0.729 0.792 0.758 0.0391 0.582 0.403 0.213 
D18 11 0.911 0.866 0.843 -0.0329 0.443 0.282 0.117 
D2 9 0.830 0.859 0.834 0.0111 0.461 0.297 0.129 
D3 14 0.746 0.834 0.808 0.0553 0.503 0.333 0.154 
D5 11 0.733 0.753 0.724 0.0065 0.623 0.437 0.231 
D7 16 0.831 0.861 0.839 0.0116 0.446 0.286 0.117 
D8 12 0.882 0.828 0.801 -0.0412 0.510 0.339 0.154 
E5 7 0.750 0.659 0.604 -0.0808 0.753 0.586 0.400 
Mean* 11.273 0.804 0.822 0.793 0.006 4.9x10-4 5.6x10-6 1.1x10-9 
 
 S3+S4 Population 
Locus NA Ho He PIC F (Null) NE-1P NE-2P NE-PP 
C2 8 0.765 0.784 0.747 0.0097 0.603 0.425 0.240 
D14 17 0.972 0.908 0.894 -0.0377 0.330 0.197 0.062 
D15 15 0.944 0.906 0.893 -0.0234 0.331 0.198 0.061 
D17 12 0.829 0.758 0.730 -0.0482 0.615 0.430 0.226 
D18 11 0.687 0.819 0.791 0.0876 0.531 0.358 0.175 
D2 14 0.718 0.807 0.784 0.0530 0.536 0.359 0.164 
D3 15 0.855 0.832 0.809 -0.0179 0.497 0.328 0.147 
D5 10 0.841 0.819 0.795 -0.0172 0.523 0.348 0.162 
D7 20 0.975 0.917 0.905 -0.0348 0.302 0.178 0.051 
D8 11 0.853 0.881 0.862 0.0120 0.402 0.250 0.094 
E5 7 0.721 0.721 0.677 -0.0046 0.688 0.509 0.318 
Mean* 12.727 0.833 0.832 0.808 -0.002 2.5x10-4 2.4x10-6 2.2x10-10 
NE-1P: Average non-exclusion probability for one candidate parent. NE-2P: Average non-
exclusion probability for one candidate parent given the genotype of a known parent of the 
opposite sex. NE-PP: Average non-exclusion probability for a candidate parent pair. * Mean 
calculations are done for NA, Ho, He, PIC and F (Null). Non-exclusion probabilities (NE-1P, NE-
2P, NE-PP) are combined. 
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Table A5.3. Parentage assignment of 25 offspring from S1+S2 population and 42 offspring 
from S3+S4. Candidate mother or father is assigned with pair LOD score (LOD), pair delta (Δ), 
pair loci mismatching (MM), and pair confidence (C) as estimated by CERVUS.  
 S1+S2 Population 
Offspring 
Candidate 
Mother 
LOD Δ MM C 
Candidate 
Father 
LOD Δ MM C 
1-S1 1-S1 8.22 8.22 0 * 1-S1 5.50 5.50 0 * 
2-S1 1-S2 7.24 1.93 1 * 1-S1 -6.92 0.00 3 ◊ 
3-S1 2-S1 5.87 5.87 0 * 1-S1 5.38 5.38 0 * 
4-S1 1-S1 2.62 2.62 1 * 1-S1 7.95 7.95 0 * 
5-S1 1-S1 -1.93 0.00 2 ◊ 2-S1 6.57 6.57 0 * 
6-S1 1-S1 5.88 5.88 0 * 3-S1 5.62 3.76 0 * 
7-S1 1-S1 6.21 6.21 0 * 1-S1 2.49 2.49 1 * 
8-S1 1-S1 9.56 9.56 0 * 4-S1 13.0 13.0 0 * 
9-S1 3-S1 10.9 10.9 0 * 2-S1 6.58 6.58 0 * 
10-S1 2-S1 -6.06 0.00 3 ◊ 1-S1 3.27 3.27 0 * 
11-S1 4-S1 7.50 7.50 0 * 2-S1 1.99 0.19 0 + 
12-S1 2-S1 6.23 6.23 0 * 4-S1 5.18 5.18 0 * 
13-S1 2-S1 6.74 6.74 0 * 4-S1 10.6 10.6 0 * 
14-S1 6-S1 -5.32 0.00 2 ◊ 5-S1 -5.92 0.00 2 ◊ 
1-BH 3-S1 5.56 5.12 0 * 3-S2 -0.98 0.00 2 ◊ 
2-BH 3-S1 10.4 10.4 0 * 2-S1 4.44 4.44 0 * 
1-S2 5-S1 -2.65 0.00 2 ◊ 1-S2 -7.51 0.00 4 ◊ 
2-S2 2-S2 2.77 2.72 1 * 1-S2 9.52 9.52 0 * 
3-S2 5-S1 3.98 3.98 0 * 4-S2 -6.75 0.00 4 ◊ 
4-S2 1-S2 9.52 7.93 0 * 4-S2 -5.2 0.00 2 ◊ 
5-S2 2-S2 -0.26 0.00 2 ◊ 1-S2 -2.42 0.00 3 ◊ 
6-S2 2-S2 3.21 3.21 0 * 2-S2 1.19 1.19 1 + 
7-S2 5-S1 -2.33 0.00 2 ◊ 4-S1 2.27 2.27 2 * 
8-S2 3-S2 2.78 2.78 1 * 1-S1 -4.70 0.00 2 ◊ 
9-S2 2-S2 7.60 7.60 0 * 5-S2 -9.13 0.00 4 ◊ 
 
 S3+S4 Population 
Offspring 
Candidate 
Mother 
LOD Δ MM C 
Candidate 
Father 
LOD Δ MM C 
1-S3 1-S3 15.7 14.1 0 * 1-S3 5.26 5.26 0 * 
2-S3 1-S3 17.3 17.3 0 * 2-S3 8.18 8.18 0 * 
3-S3 2-S3 3.30 3.30 1 * 2-S3 8.96 8.96 0 * 
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4-S3 3-S3 11.9 11.9 0 * 3-S3 8.69 8.69 0 * 
5-S3 1-S3 15.7 15.7 0 * 2-S3 6.09 6.09 0 * 
6-S3 9-S3 -5.30 0.00 2 ◊ 2-S3 6.34 6.34 0 * 
7-S3 9-S3 -4.42 0.00 2 ◊ 2-S3 6.64 6.64 0 * 
8-S3 4-S3 6.62 5.17 1 * 1-S3 5.90 5.90 0 * 
9-S3 1-S4 10.1 10.1 0 * 1-S4 8.64 8.64 0 * 
10-S3 8-S4 -5.16 0.00 3 ◊ 2-S4 9.82 9.82 0 * 
11-S3 5-S3 8.67 8.67 0 * 4-S3 4.13 4.13 0 * 
12-S3 2-S4 14.5 14.0 0 * 1-S3 7.83 7.83 0 * 
13-S3 7-S4 -0.23 0.00 2 ◊ 4-S4 -2.18 0.00 2 ◊ 
1-NH5 6-S3 6.92 6.92 0 * 5-S3 6.65 5.28 0 * 
1-S4 3-S4 2.91 2.91 0 * 3-S4 8.53 6.45 0 * 
2-S4 4-S4 4.94 4.94 1 * 2-S4 5.33 4.63 0 * 
3-S4 5-S4 4.29 4.29 1 * 5-S4 -6.48 0.00 3 ◊ 
4-S4 5-S4 1.84 1.84 1 * 2-S4 7.42 7.42 0 * 
5-S4 6-S4 8.16 8.16 0 * 4-S4 0.97 0.00 1 ◊ 
6-S4 7-S4 5.56 5.56 1 * 5-S4 -5.78 0.00 3 ◊ 
7-S4 6-S4 6.23 1.64 0 * 4-S4 2.09 0.00 1 ◊ 
8-S4 7-S3 7.63 7.63 1 * 1-S4 9.14 9.14 0 * 
9-S4 7-S4 7.83 7.83 0 * 3-S4 6.84 2.22 0 * 
10-S4 4-S4 2.58 2.58 1 * 2-S4 6.51 6.51 0 * 
11-S4 6-S3 -4.31 0.00 3 ◊ 1-S4 5.28 5.28 1 * 
12-S4 6-S4 5.89 5.89 0 * 6-S4 -8.65 0.00 4 ◊ 
13-S4 6-S3 12.7 12.7 0 * 5-S3 2.11 2.11 1 * 
14-S4 8-S3 7.08 5.41 0 * 6-S3 6.6 6.60 0 * 
15-S4 10-S3 -0.71 0.00 2 ◊ 6-S3 8.7 8.70 0 * 
16-S4 11-S3 -4.55 0.00 2 ◊ 7-S3 0.64 0.64 2 * 
17-S4 7-S4 9.21 9.21 0 * 1-S4 -1.37 0.00 2 ◊ 
18-S4 4-S4 2.77 2.77 1 * 6-S4 -13.0 0.00 5 ◊ 
19-S4 4-S4 4.06 4.06 1 * 3-S4 11.1 11.1 0 * 
20-S4 3-S4 -5.83 0.00 3 ◊ 5-S4 -1.86 0.00 2 ◊ 
21-S4 3-S4 -3.14 0.00 2 ◊ 1-S3 -2.57 0.00 2 ◊ 
22-S4 5-S4 -0.43 0.00 2 ◊ 5-S4 -4.46 0.00 3 ◊ 
23-S4 7-S4 1.99 1.99 2 * 6-S3 -6.54 0.00 4 ◊ 
24-S4 5-S4 -1.99 0.00 2 ◊ 2-S4 -1.7 0.00 2 ◊ 
25-S4 11-S3 -4.53 0.00 2 ◊ 7-S4 -8.03 0.00 4 ◊ 
26-S4 9-S3 -8.11 0.00 3 ◊ 1-S4 -1.42 0.00 2 ◊ 
27-S4 11-S3 -4.53 0.00 2 ◊ 7-S4 -8.03 0.00 4 ◊ 
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28-S4 7-S4 0.71 0.71 2 * 1-S3 -8.47 0.00 4 ◊ 
LOD = Pair LOD score: Log-likelihood ratio for a parent-offspring relationship between the 
candidate parent and the offspring. Δ = Pair Delta: If this is the most likely candidate parent 
its Delta score is shown, otherwise = 0. MM = Pair loci mismatching: Number of loci where the 
offspring and the candidate parent have no shared alleles. C = Pair confidence: For a most 
likely candidate parent, the confidence of parentage assignment is shown: * = Δ strict 
confidence (95%), + = Δ relaxed confidence (80%). If the candidate parent is not the most 
likely: ◊ = Δ no confidence. The criteria for positive assignment of parentage = LOD > 0, 
mismatch ≤ 1, and Δ strict confidence (95%). 
 
  
 
 
 
 
 
 
 
 
 
 
CHAPTER 6: Coexistence or Competition: 
Avoidance Patterns of Bush Rats and Black 
Rats  
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6.1 INTRODUCTION 
Coexistence of potentially competing species is possible through niche 
differentiation and resource partitioning (Emmons 1980; Brown et al. 1994; 
Ferretti et al. 2015). However, with invasive or alien species, competitive 
exclusion of native species may occur as they have not yet had time to evolve 
adaptations for niche differentiation or coexistence (Ferretti et al. 2015; Gurnell 
et al. 2004). 
Interspecific competition occurs when two species use the same, limited resource, 
which results in negative effects for the inferior species; like reduced reproductive 
success, survival, habitat availability and increased dispersal (Wauters et al. 2000; 
Gurnell et al. 2004; Lovari et al. 2014). Interspecific competition is usually divided 
into two categories: exploitation competition – use of resources, thus depriving 
others, and interference competition – direct impact through territorial defense 
or aggressive encounters (Schoener 1983; Harris and MacDonald 2007; Higgs and 
Fox 1993). Resources must be limited for exploitation competition to occur, but 
interference competition can happen even when resources are abundant 
(Schoener 1983; Harris and MacDonald 2007). 
Competition can be used as a control mechanism for invasive species and is a 
widespread feature of natural resource management (Bodey et al. 2009). The 
Sydney Bush Rat Project was implemented to improve management of black rat 
(Rattus rattus) populations by developing a new pest control method; using the 
reintroduction of the native bush rat (Rattus fuscipes) to block their reinvasion. 
Previous studies have shown that densities of black rats are low in the presence 
of native rats and dominance depends on residency advantage (Stokes et al. 
2009a, 2009b). Experimental reduction of black rat numbers resulted in 
significant and sustained increases in populations of bush rats from immigration, 
juvenile recruitment and increased residency of females (Stokes et al. 2009b). 
Dominance was site specific in accordance with the residency effect (Stokes et al. 
2009a, 2009b, 2012).  
Since its introduction in the late 1700s with European settlers, the black rat has 
successfully populated much of coastal (Watts and Aslin 1981; Stokes et al. 
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2009a), suburban (Cox et al. 2000; Williams et al. 2003) and rural Australia 
(Downes et al. 1997; Dunstan and Fox 1996). They are found in disturbed forests, 
but have also been recorded in intact forests and heath (Braithwaite and Gullan 
1978). Large scale black rat eradications have had mixed results, with reinvasion 
presenting the major challenge (Hone 2007). In Australia, declines in native 
biodiversity are mainly attributed to deforestation and feral predators (Burbidge 
and McKenzie 1989; Smith and Quin 1996). But the black rats’ movement into 
intact ecosystems could lead to competition, hyper-predation and displacement of 
native species (Stokes et al. 2009a). Successful invasion by black rats is due to 
characteristics such as opportunistic diet, rapid growth, early sexual maturity, 
high fecundity, the ability to quickly disperse and colonise, and being able to live 
in modified landscapes (Caughley et al. 1998). These traits may give them a 
competitive advantage over native fauna (Braithwaite et al. 1978; Stokes et al. 
2009a). However, invasive species could be hampered by the presence of native 
competitors because of biotic resistance; an important characteristic that allows 
native communities to resist invasive species. Species rich environments are more 
resistant to predation, competition, parasitism, disease and aggression 
(Elton 1958: cited in Kennedy et al. 2002). 
Black rats and bush rats overlap in their omnivorous diet of invertebrates, fungi, 
seeds, fruit and vegetation (Watts and Braithwaite 1978). Both species are 
normally seasonal breeders, but will breed throughout the year when conditions 
and resources are favourable (Banks and Dickman 2000; Harris and Macdonald 
2007; Stokes et al. 2009b). Both species have a preference for complex habitat 
structure (Braithwaite and Gullan 1978; Cox et al. 2000). Thus bush rats are a 
potential competitor of the black rat (Braithwaite et al. 1978; Stokes et al. 2009a). 
However, in this study bush rats will not have residency advantage and will have 
the increased stress of translocation into a new environment. Further, black rats 
will already be occupying the potential bush rat niche. 
Translocation is often unsuccessful (Griffith et al. 1989). The amount and type of 
habitat in which animals are released is a critical factor for translocation success 
(Dickens et al. 2010; Wolf et al. 1996). Habitat effects food availability and 
competition with resident species, both of which can induce stress for the released 
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animal (Dickens et al. 2010; Linklater and Swaisgood 2008). Microhabitat can be 
a source of coexistence or competition in small mammals (Price and Kramer 
1984). Competition may encourage differential use of habitat components such as 
bushes, trees or open spaces (Price 1978; Dickman 1988; Maitz and Dickman 
2001). Spatial segregation may be maintained through interspecific territoriality 
or resource and/or space partitioning (Bowers et al. 1987; Monamy and Fox 1999; 
Schoener 1974; Ferretti et al. 2015), or a shift in temporal activity patterns (Ziv et 
al. 1993; Harris et al. 2006). Because of the behavioural overlap in bush and black 
rats these could be the deciding factors on bush rat translocation success. 
6.1.1 Aims 
The general aim of this chapter is to determine if invasive black rats influence the 
success of reintroduced bush rats. Specifically, whether the persistence of bush 
rats was correlated with the number of black rats. In view of this, the hypotheses 
would be: 
1. If the number of either species is negatively affected and both species do 
not occupy the same space, then there is competition and spatial 
segregation occurring (trap level association). If there is no effect, then it 
will be expected that spatial and resource partitioning is occurring and 
they are living in coexistence. 
2. If numbers are instead associated with site carrying capacity, then the 
number of individuals (one or both species) will be limited to the original 
number of black rats removed from each site. 
6.2 METHODS 
Prior to the bush rat release the four reintroduction sites were intensively trapped 
to reduce black rat numbers. The black rat population would pose as competition 
for resources if the numbers were not reduced. Black rats were removed one week 
prior to release with intensive trapping over ten nights (Table 6.1). Live-trapping 
was used to remove black rats, which were euthanized with a lethal injection of 
0.5mL of sodium pentobarbitone (Lethabarb, Virbac, Australia) into the intra-
peritoneal space (Stokes et al. 2009b). A total of 26 black rats were removed from 
Site 1, 14 from Site 2, 38 from Site 3 and 21 from Site 4 (Table 6.1).  
Chapter 6: Coexistence or Competition 
 
 
130 
 
Table 6.1. Number of black rats removed each day from the reintroduction sites over ten days, 
including total number removed. Bush rats were released onto each of these sites one week 
after day ten (August 2011). 
 Day of Black Rat Removal 
SITE Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 TOTAL 
Site 1 16 5 2 1 0 0 0 1 1 0 26 
Site 2 6 6 1 0 0 0 0 0 0 1 14 
Site 3 12 10 4 2 2 2 2 0 3 1 38 
Site 4 10 5 5 0 0 0 0 0 1 0 21 
 
The bush rats were released at higher density than is usual for normal wild 
populations (25 animals instead of 10 per hectare); to account for high predation 
and mortality due to establishing territory, dispersal and genetic variation. The 
density was also similar to the previous black rat population found at the sites, 
this will support the residency advantage theory (Stokes et al. 2009a, 2009b). 
Capture-mark-recapture trapping sessions were conducted one month after 
release in September 2011, and every two months thereafter for eight sessions. A 
ninth trapping session was performed 18 months later in May 2014. Trapping 
occurred over three consecutive nights at each site for each trap session. To 
capture both black rats and bush rats Elliott traps and wire cage traps were set at 
each of the 36 trap stations on 1ha grids; each trap station approximately 20m 
apart, with each grid line approximately 20m apart (two traps at 36 trap points in 
four sites over three nights created 864 potential trap nights per trap session – see 
Chapter 2 for further trapping details). Elliott traps were primarily for bush rats 
and cage traps for black rats. Black rats were captured in cage traps for the 
majority of the trap period (September 2011 to May 2014), whereas bush rats 
showed no preference for either trap type (Table 6.2). Both species were very 
rarely caught at the same trap station at the same time, i.e. one species in an Elliott 
trap the other in a cage trap (Table 6.2). Elliott traps were baited with peanut 
butter, honey and oats, and cage traps had jam sandwiches. Captured rats were 
identified, weighed, sexed and had their nasal-occipital head length measured. The 
reproductive status and condition of the animal was also noted (see Chapter 2 for 
more details on identification). Black rats and juvenile bush rats that were 
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captured were marked with individual ear-clipping patterns using a 2mm biopsy 
punch and micro-chipped for identification. 
Table 6.2. Proportion (percentage) of bush rats and black rats captured in Elliott traps versus 
cage traps and the number of times a bush rat and a black rat was caught at the same trap 
position at the same time (i.e. 1 animal in each trap at one trap station – Both Species 
Detected). Data collected over nine sessions of trapping (September 2011 to May 2014) in the 
four reintroduction sites (n = 864 per session). 
 BUSH RATS (%) BLACK RATS (%) 
Both 
Species 
SITE Elliott Traps Cage Traps Elliott Traps Cage Traps Detected 
Site 1 45 55 10 90 12 
Site 2 40 60 5 95 2 
Site 3 50 50 2 98 16 
Site 4 46 54 21 79 15 
 
6.2.1 Statistical Analysis 
The trapping sessions identified whether a bush rat, black rat or both were 
occupying a particular space within the trapping grids of Site 1, Site 2, Site 3 and 
Site 4. Total number comparisons were made for black rats and bush rats over the 
entire trapping period (September 2011 to May 2014) to determine if one species 
influenced the other. General linear models were used to show whether there was 
a positive or negative relationship between the number of black rats and bush rats. 
Black rats and time were set as continuous variables and site was set as a random 
factor. Whether an animal occupied a trap or not was analysed with occupancy 
modelling to determine if there was any overlap in space and therefore interaction 
between species. Kernel Utilisation Distribution (KUD) was used to determine the 
most frequented area of the trapping grid for both species and to show any overlap 
of the two. 
6.2.1.1 Occupancy Modelling 
Occupancy modelling is an important tool in monitoring and management of 
wildlife programs (MacKenzie et al. 2003). It can estimate the proportion of sites 
occupied by a target species and draw inferences about species ranges, habitat 
associations and multi-species interactions. (MacKenzie et al. 2003, 2006; Bailey 
et al. 2014; Hines et al. 2014).  
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A site occupancy matrix was made up for each species and each site, with either 
‘1’ (species was detected – occupied a trap) or ‘0’ (not detected – no animal was 
trapped). This data was recorded for each trap (72 traps over four sites) and trap 
sampling period (three days) over eight trapping periods or seasons for both black 
and bush rats. The program PRESENCE 10.0 (Hines 2006) was used to analyse the 
data with a multi-season, two-species occupancy model (MacKenzie et al. 2004, 
2006). Maximum likelihood estimates were obtained for occupancy and detection 
probabilities for both black rats and bush rats and to assess whether the presence 
of one species influenced the occurrence or detection of the other (MacKenzie et 
al. 2004, 2006). Each site was modelled separately to focus on the difference in 
estimated parameters within each study site and not between sites (Lazenby et al. 
2014).  
The Akaike Information Criterion (AIC) was used to rank models; a small AIC value 
indicates a greater model likelihood, and the difference between models was 
evaluated using ΔAIC, where models with values ≤ 2 are considered to be the most 
parsimonious, have strong support and are good descriptors of the data (Burnham 
and Anderson 2002). Three alternative parameterizations can be used in 
PRESENCE for multi-season, two-species occupancy model (MacKenzie et al. 
2006). The first alternative (phi/delta parameterization) was used in this study as 
it is conceptually the simplest alternative; the probability of occurrence for each 
animal is not dependent on the other and instead has species co-occurrence or 
species interaction factor (SIF) (Lazenby et al. 2014). The second and third 
parameterizations, however, assume one of the species is dominant (Steen et al. 
2014). For this study either species could be dominant due to the potential of 
residency advantage. Parameterization one consists of the parameters found in 
Appendix Table A6.1.  
If the Occupancy Species Interaction Factor (SIF or ϕ) is less than one, it would 
indicate that two species co-occur less frequently than if they were distributed 
independently, suggesting possible avoidance or exclusion. While ϕ greater than 
one indicates a tendency for species to co-occur more frequently than expected, 
suggesting a positive association. If ϕ is equal to one, then the species occupy the 
sites independently (MacKenzie et al. 2006). If the Detection SIF or δ is less than 
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one, it would indicate that it is less likely to detect both species in a survey than if 
the species were detected independently, again suggesting avoidance. While δ 
greater than one suggests that it is more likely to detect both species during a 
survey (MacKenzie et al. 2006). The logit link function is used for all parameters 
except the interaction factors (ϕ and δ) where the log link function is used instead 
as these parameters are not bounded between 0 and 1 (Bailey et al. 2009; 
MacKenzie et al. 2004, 2006). 
The objective of this study was to explore the co-occurrence and detection of two 
species of Rattus – native bush rat and invasive black rat. Specifically, whether the 
species co-occurred independently or if there was evidence of competitive 
exclusion (ϕ < 1). Whether one species had a higher detection than the other (pA 
> pB or pA < pB), and whether the detection process was independent (δ ≈ 1) or 
one species influenced the probability of detecting the other (δ ≠ 1). It also 
examined whether the presence of one species influenced the detection of the 
other (rA < pA or rB < pB). To achieve this, models were set beginning with the 
global model of ѱ(season)p(season)γ(season)ε(season); probability of site 
occupancy, detection, colonisation and extinction varied with season (session). 
Then the most constrained model of ѱ(.)p(.)γ(.)ε(.); site occupancy, probability of 
detection, colonisation and extinction are not effected by time or other covariates 
but instead are constant. These models were then varied by species, season and 
constant parameters. The models were kept very simple so the comparison could 
be made primarily between the two species site occupancy and detection within 
sites between successive trapping sessions. Models can also incorporate 
covariates such as habitat. However, because sites were modelled separately in 
this study and the models were kept as simple as possible, covariates were not 
used.  
6.2.1.2 Trapping Pattern and Overlap 
Kernel Utilisation Distribution (KUD) was performed using the software program 
ZoaTrack (Dwyer et al. 2015). Calculations are undertaken within R using the 
adehabitatHR library of functions (Calenge 2006). Location data points for each 
individual were used to calculate and map where both bush rats and black rats 
were most likely to be trapped. The fixed kernel density estimator is a method of 
Chapter 6: Coexistence or Competition 
 
 
134 
 
home-range analysis, which uses the utilisation distribution (UD) to estimate the 
probability that an animal will be found at a specific geographical location (Dwyer 
et al. 2015).  
This study used the ad hoc method algorithm for a bivariate normal kernel for the 
h estimator, ellipse boundaries 20% and 50% kernels, a grid size of 300, with a 
variable h. The home range was not being represented, only the area black rats 
and bush rats were most trapped and the overlap of the two. Thus, 20% and 50% 
core areas were used for the ellipse boundary. These core areas represent the 
areas that were used more frequently than other parts of the trapping grid. 
Polygons were used to find the total area of the KUD and the percentage of overlap. 
6.3 RESULTS 
6.3.1 Interspecific Competition 
A total of 26 black rats were removed from Site 1, 14 from Site 2, 38 from Site 3 
and 21 from Site 4. 25 bush rats were released into each of these sites (Figure 6.1). 
The number of black rats caught over the three year period was 46 in Site 1 (32 
males and 14 females), 68 in Site 2 (37 males, 28 females and 3 unknown), 76 in 
Site 3 (49 males, 24 females and 3 unknown) and 69 in Site 4 (36 males and 33 
females). Bush rat numbers were significantly lower (F1,7 = 9.6, p = 0.02) with Site 
1 having 32 rats (15 males and 17 females), 24 in Site 2 (13 males, 10 females and 
1 unknown), 33 in Site 3 (23 males and 10 females) and 55 in Site 4 (32 males, 20 
females and 3 unknown). After black rats were removed and bush rats were 
released into each site, bush rat numbers were highest in the first three sessions 
(September to December 2011, Figure 6.1). However, after one year the black rat 
numbers had increased and bush rats declined (Figure 6.1). By the end of the 
trapping period (May 2014), both species had decreased, even in comparison to 
June 2012, the start of winter (Figure 6.1). Neither species regained their initial 
numbers. Although, in Site 2 and Site 4 total rat numbers remaining for October 
2012 were close to the initial black rat numbers removed in August 2011 (Figure 
6.1). Suggesting a specific carrying capacity for these two sites.  
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Figure 6.1. Number of black rats (light grey) removed from the four reintroduction sites and 
bush rats (dark grey) released into the four reintroduction sites compared to total number of 
black rats and bush rats captured over the entire trapping period (9 sessions, September 2011 
to May 2014, n = 864 per session). Black rats were removed in August 2011 and bush rats were 
reintroduced one week after removal. 
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Site 4 had the greatest number of black rats that possibly dispersed in comparison 
to the bush rats that dispersed (caught only once) (Figure 6.2A). Site 3 had the 
highest number of possible black rat residents (caught multiple times) (Figure 
6.2B). 
 
Figure 6.2. Number of bush rats (dark grey) and black rats (light grey) not recaptured or 
recaptured only once (A. Dispersers 0-1), and bush rats and black rats recaptured more than 
once (B. Residents > 1) over eight sessions of trapping (September 2011 to October 2012) in 
the four reintroduction sites (n = 864 per session). 
 
Adults dominated all sites throughout the trapping sessions with low levels of 
juvenile recruitment for both bush rats and black rats. Juvenile recruitment 
occurred in summer as expected and in winter and spring. Adults (especially black 
rats) were more abundant when competition for resources would be at its peak. 
The number of black rats did not have a significant (positive or negative) 
relationship with the number of bush rats, F = 0.12, df = 1, p = 0.73. However, time 
(F = 23.71, df = 1, p < 0.00) and site (F = 3.96, df = 3, p = 0.02), did have a significant 
relationship with bush rat numbers.  
6.3.2 Occupancy Models 
Multi-season, two-species models comparing occupancy and detection 
probabilities of black rats and bush rats at four reintroduction sites are shown in 
Appendix Table A6.2. In the most parsimonious model for Site 1 detection 
probability is dependent on season: ѱ(.)p(s), for Site 2 occupancy probability is 
dependent on season: ѱ(s)p(.), in Site 3 and Site 4 occupancy and detection are 
dependent on season: ѱ(s)p(s). All other parameters are constant (.). The outputs 
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for the most parsimonious models (ΔAIC ≤ 2) for each site are shown in Appendix 
Table A6.3 and Appendix Table A6.4. 
Bush rats had a higher probability of trap occupancy compared to black rats (ѱA 
< ѱB – A represents black rats and B represents bush rats), ѱB was close to if not 
equal to one for all models (Appendix Table A6.3). The rate of co-occurrence (ϕ) 
or species interaction factor, was greater than one for Site 1 (1.12 ± 0.39), Site 2 
(1.06 ± 0.13) and Site 3 (3.83 ± 1.70) models. This indicates that bush rats and 
black rats were living in co-occurrence (they were likely to occur at the site 
regardless if the other species was also there). Site 4 was less than one (0.95 ± 
0.24), which means there is possible avoidance or competitive exclusion. 
Although, both Site 2 and Site 4 were fairly close to one so more likely indicates 
the animals were independent (neither species had influence over the other). 
Detection of bush rats and black rats in Site 1, Site 3 and Site 4 were constant (pA 
= pB = rA = rB) which indicates that detection of both species is independent 
(Appendix Table A6.4). The numbers did, however change over time which 
indicates the time of trapping did have an effect on detection but only slightly. 
In Site 2 detection was constant over time but varied between species. In model 1, 
black rats were detected more often than bush rats (pA > pB, 0.37 ± 0.05 > 0.01 ± 
0.03) but black rats were detected less in the presence of bush rats (rA < pA, 0.08 
± 0.02 < 0.37 ± 0.05), Bush rat detection was not affected by black rat presence (rB 
> pB, 0.32 ± 0.06 > 0.01 ± 0.03) (see Appendix Table A6.4). 
Over all sites detection co-occurrence (δ) was below one (Site 1: 0.45 ± 0.11, Site 
2: 0.33 ± 0.22, Site 3: 0.53 ± 0.12, Site 4: 0.42 ± 0.09) (Appendix Table A6.4). In 
other words, detection of each species is affected by the other and there is some 
indication of avoidance.  
6.3.3 Trapping Pattern and Overlap 
Two traps (Elliott or cage) were set at each of the 36 trap stations within the four 
reintroduction sites. Both black rats and bush rats were captured. In all of the sites 
the trapping patterns for bush rats and black rats at least partially overlapped 
(Figure 6.3, 6.4, 6.5, 6.6). Site 3 had the least amount of overlapping space between 
the species (Figure 6.5A), with bush rats only having 7.98% of its trapping area 
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shared with the black rat (Table 6.3). In three of the four sites black rats’ occupied 
a greater percentage of bush rat space, compared to the area bush rats occupied 
in black rat space, although not significantly (Site 1, F1,3 = 3.39, p = 0.21; Site 2, F1,3 
= 5.09, p = 0.15; Site 3, F1,3 = 0.02, p = 0.89). Site 4 bush rats occupied a greater 
percentage of black rat space, again not significantly (F1,3 = 0.07, p = 0.81). This 
also gave the bush rats occupancy of 83.92% of the black rats’ space, the largest 
overlapped space (Figure 6.6 and Table 6.3). Size comparison of black rat and bush 
rat trapping areas (ha) did not show significant difference (F1,7 = 1.23, p = 0.29). 
  
Figure 6.3. Site 1 trapping grid with 20% (A) and 50% (B) fixed kernel utilisation distribution 
(KUD) of trapping pattern and overlap for bush rat (blue) and black rats (red). Bush rat area 
is 0.12ha and 0.41ha for KUD A and B respectively. Black rat area is 0.27ha and 0.79ha. 
Trapping grid (1ha, 36 trap stations) represented by red and blue dots. 
 
 
 
A B 
Megan Callander – Translocation and Reintroduction of Native Bush Rats 
139 
 
  
Figure 6.4. Site 2 trapping grid with 20% (A) and 50% (B) fixed kernel utilisation distribution 
(KUD) of trapping pattern and overlap for bush rat (blue) and black rats (red). Bush rat area 
is 0.15ha and 0.51ha for KUD A and B respectively. Black rat area is 0.26ha and 0.73ha. 
Trapping grid (1ha, 36 trap stations) represented by red and blue dots. 
  
Figure 6.5. Site 3 trapping grid with 20% (A) and 50% (B) fixed kernel utilisation distribution 
(KUD) of trapping pattern and overlap for bush rat (blue) and black rats (red). Bush rat area 
is 0.21ha and 0.59ha for KUD A and B respectively. Black rat area is 0.24ha and 0.70ha. 
Trapping grid (1ha, 36 trap stations) represented by red and blue dots. 
A B 
B A 
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Figure 6.6. Site 4 trapping grid with 20% (A) and 50% (B) fixed kernel utilisation distribution 
(KUD) of trapping pattern and overlap for bush rat (blue) and black rats (red). Bush rat area 
is 0.26ha and 0.76ha for KUD A and B respectively. Black rat area is 0.24ha and 0.07ha. 
Trapping grid (1ha, 36 trap stations) represented by red and blue dots. 
 
Table 6.3. Percentage of overlap for black rats and bush rats in the four reintroduction sites 
within 20% KUD and 50% KUD. 
 20% KUD 50% KUD 
SITE Black Rat % Bush Rat % Black Rat % Bush Rat % 
Site 1  22.07       <         50.69 42.10        <     82.06 
Site 2 26.11       <     44.36 37.92        <     53.84 
Site 3 6.86        <      7.98 56.55        <     67.20 
Site 4 55.59       >     52.38 83.92        >     76.96 
Black rat % = the percentage of black rat space the bush rats and black rats shared. Bush rat 
% = the percentage of bush rat space the bush rats and black rats shared. < = less than, > = 
greater than. 
 
6.4 DISCUSSION 
After the removal of black rats and the reintroduction of bush rats, over all sites 
bush rat numbers were significantly lower than black rat numbers. However, 
there was no significant relationship between the persistence of bush rats and the 
number of black rats. Neither species regained their initial numbers from spring 
2011 (number of black rats removed or number of bush rats released), but after 
one year, with the combined numbers of both species, two of the sites (Site 2 and 
A B 
Megan Callander – Translocation and Reintroduction of Native Bush Rats 
141 
 
Site 4) had numbers close to the total number of black rats removed. Although 
black rat numbers did not have an influence on bush rat numbers, time and site 
were significant to the bush rat survival. This was recognised in a study showing 
bush rats recover to site-specific population densities after experimental removal 
(Lindenmayer et al. 2005). Both species in the Site 1 and Site 3 had less than half 
of the initial populations remaining, this could be a reaction to the environment 
rather than each other. These two sites had significantly less quadrant cover than 
Site 4 (see Chapter 3), and systems such as weather, would likely impact the 
habitat and ecosystem. A stochastic event may have altered these two sites initial 
carrying capacity and thus both bush and black rat populations were reduced. 
There were no controls used (e.g. black rat removal with no bush rat 
reintroduction) so it cannot be certain if external systems had an effect. 
Bush rats and black rats did, however, occupy the same space. Black rats occupied 
a larger area and thus shared less of their space with bush rats (i.e. bush rats 
shared more of their space with black rats). Site 3 had the least amount of space 
overlap, but the difference in space size between bush rats and black rats was non-
significant. Neither species had influence over the other’s occurrence. Site 1 and 
Site 3 populations were living in co-occurrence, meaning that both the bush rat 
and black rat would be at these sites regardless of the other species presence. Site 
2 and Site 4 populations were co-occurring independently, meaning neither 
species had influence over the other species occurrence. Bush rats were more 
likely to occupy traps than black rats, and the detection of one species was affected 
by the other. This shows some indication of avoidance, meaning both species are 
occupying the same area but are temporally segregated, not being detected at the 
same trap station after the other species was present. 
Bush rats are ‘trap happy’ and have increased capture probability after first 
capture (Free and Leung 2008). Studies have also demonstrated that same trap, 
successive bush rat captures are more often conspecifics than other species. This 
is attributed to odours that assist the bush rat in detecting conspecific 
competitors, enabling the establishment of micro-scale spatial segregation 
(Woodside 1983; Dickman and Woodside 1983; Cunningham et al. 2005; 
Lindenmayer et al. 2005). This may explain why the bush rats were more likely to 
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occupy traps than black rats. The black rats may also recognise the bush rat odour, 
choosing not to remain at the trap station. Olfactory communication is often used 
to assess competition and avoid inter- and intraspecific aggressive encounters 
(Maitz and Dickman 2001; Heavener et al. 2014). Black rats have been shown to 
investigate bush rat odour, although bush rats are naïve to the black rat odour 
(Heavener et al. 2014). Traps were not washed after capture of an animal during 
trap sessions, only between trap sessions. Black rats may be avoiding the traps 
altogether because of bush rat odour. However, it has been demonstrated that 
odour is not the only mechanism for spatial separation and that direct interactions 
are also involved between the two species (Stokes et al. 2009b). Symmetrical, 
interference competition has been shown during bush and black rat interactions, 
with dominance shifting to the bush rats once the black rats were removed (Stokes 
et al. 2009b). In this study the dominance did not shift completely to bush rats 
once black rats were removed. There was spatial avoidance, but bush rat numbers 
did not increase past black rat numbers. In previous studies competitive 
dominance between two similar sympatric rodents was shown to be site-specific 
and not species-specific. Resident animals defending their territory win a higher 
number of encounters than the intruder (Wolff et al. 1983). Interspecific 
competition is best demonstrated when one species is experimentally excluded 
from an area and in response the other species increases in abundance or use of 
resources (Brown 1987: cited in Harper et al. 2005). When removal of black rats 
took place, it was unlikely that every black rat was removed, and they were also 
not removed from the immediate surrounding areas. Resident individuals may 
have still existed and returned to the sites before bush rats were released. In this 
study black rats were only removed from a 1ha grid for 10 days before the bush 
rats were reintroduced. Consequently there may not have been enough black rats 
removed from the system, or they were not removed over a long enough time 
period, or perhaps more black rats from the surrounding area quickly filled the 
vacuum. If black rats were experimentally removed again and the bush rats were 
already established in the area, this could show an increase in population, and 
would be a clear indication of interspecific competition.  
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Even with strong competition, if the area is spatially and/or temporally 
heterogeneous, it could still support species coexistence (Hutchinson 1961: cited 
in Harris et al. 2006). Bush rats and black rats overlapped in space (living in co-
occurrence or independently) but were not detected at the same time (some 
indication of avoidance). This could mean the two species are coexisting and 
partitioning microhabitat. Habitat and resource partitioning are complementary 
mechanisms for interspecific coexistence. Different species of rodents in the same 
habitat, with similar life history traits, will partition resources spatially and 
temporally in order to coexist (Gause 1934; Grant 1972). There are different 
mechanisms for partitioning; species can use resources at different times (Kotler 
et al. 1993), they can forage different food sizes or densities (Ziv et al. 1995) or 
they can divide habitat into microhabitats (Higgs and Fox 1993; Seamon and Adler 
1996). Partitioning is often dependent on the species vulnerability to predators 
and ability to use and defend a resource compared to another species’ ability 
(Morris et al. 2000; Harper et al. 2005). Black rats, when compared to Pacific and 
Norway rats (Rattus norvegicus) in New Zealand, were the most generalist, 
abundant and pervasive species, and were found in all vegetation types (Harper 
et al. 2005). Black rats preferred structural complexity, like forests (Braithwaite 
and Gullan 1978; Cox et al. 2000; King et al. 1996), but did not vary with the 
amount of forest litter or canopy height (Harper et al. 2005). In Sydney, black rats 
preferred forest over scrub, heath, or more open urban habitats; which had a more 
complex and dense understorey (Cox et al. 2000; Banks and Hughes 2012). Black 
rats have been shown to nest in trees and tree-ferns when sympatric with Pacific 
rats (Rattus exulans) that would nest below ground (Lindsey et al. 1999). Data on 
the tree use of either species was not collected for this study, this may have been 
a variable that allowed the two species to partition microhabitat. Bush rats rarely 
climb (Peakall and Lindenmayer 2006; Wood 1971) so the black rats could be 
utilising this space. 
With the potential influence of other species, competition between conspecifics, 
predator abundance, food availability or habitat preferences, the models used 
here are a considerable simplification of the real system, but there is still evidence 
of interspecific avoidance and thus possible competition. Bush rats and black rats 
were occupying the same area but avoiding spaces where the other was previously 
Chapter 6: Coexistence or Competition 
 
 
144 
 
detected. Meaning that there may have been initial interference competition 
which resulted in coexistence through microhabitat partitioning, but only if the 
site had adequate resources to support both species. However, this competition 
was not the limiting factor for bush rat occupancy. There was lower occupancy of 
black rats after the bush rat introduction, but bush rat numbers remained low so 
they did not gain residency advantage in the sites. Other factors, like colonisation 
ability, still need to be considered to discover all of the mechanisms behind the 
resulting population structures. 
Competition can be a big part of translocation failure or success. Thus, 
understanding community dynamics and how species interact will also help in 
determining population viability. Further, if translocation of competitive native 
species could also be used as a form of biological control, then this technique may 
reduce invasive species numbers and in turn help maintain healthy ecosystem 
function. 
  
Megan Callander – Translocation and Reintroduction of Native Bush Rats 
145 
 
APPENDIX 
Table A6.1. Parameters for multi-season, two-species occupancy model in PRESENCE 10.0. 
PARAMETER DESCRIPTION 
PsiA or ψA 
Probability that the area is occupied by species A, regardless of occupancy 
status of species B. 
PsiB or ψB 
Probability that the area is occupied by species B, regardless of occupancy 
status of species A. 
Phi or ϕ 
Species co-occurrence, whether two species co-occur independently at 
survey sites - Species Interaction Factor (SIF). Defined by the equation: 
ψAB/(ψA*ψB 
Where ψAB = probability that area is occupied by both species. 
pA Probability of detecting species A, given species B is not present. 
pB Probability of detecting species B, given species A is not present. 
rA Probability of detecting species A, given both species are present. 
rB Probability of detecting species B, given both species are present. 
Delta or δ 
Species co-detection, whether two species are detected independently at 
survey sites -Detection Species Interaction Factor. Defined by the equation: 
rAB/(rA*rB 
Where rAB = probability of detecting both species, given both are present. 
Gamma or γ Probability that an unoccupied site becomes occupied - colonisation. 
γAB 
Probability that the area is colonised by species A in the interval, t,t+1, given 
species B is present in survey t. 
γAb 
Probability that the area is colonised by species A in the interval, t,t+1, given 
species B is not present in survey t. 
γBAA 
Probability that the area is colonised by species B in the interval, t,t+1, given 
species A is present in survey t and persists in the interval, t,t+1. 
γBAa 
Probability that the area is colonised by species B in the interval, t,t+1, given 
species A is present in survey t and species A goes extinct in the interval, 
t,t+1. 
γBaA 
Probability that the area is colonised by species B in the interval, t,t+1, given 
species A is not present in survey t and species A colonises in the interval, 
t,t+1. 
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γBaa 
Probability that the area is colonised by species B in the interval, t,t+1, given 
species A is not present in survey t and species A does not colonise in the 
interval, t,t+1. 
Epsilon or ε Probability that an occupied site becomes unoccupied - local extinction. 
εAB 
Probability that the area goes extinct by species A in the interval, t,t+1, given 
species B is present in survey t. 
εAb 
Probability that the area goes extinct by species A in the interval, t,t+1, given 
species B is not present in survey t. 
εBAA 
Probability that the area goes extinct by species B in the interval, t,t+1, given 
species A is present in survey t and species A persists in the interval, t,t+1. 
εBAa 
Probability that the area goes extinct by species B in the interval, t,t+1, given 
species A is present in survey t and species A goes extinct in the interval, 
t,t+1. 
εBaA 
Probability that the area goes extinct by species B in the interval, t,t+1, given 
species A is not present in survey t and species A goes extinct in the interval, 
t,t+1. 
εBaa 
Probability that the area goes extinct by species B in the interval, t,t+1, given 
species A is not present in survey t and species A does not colonise in the 
interval, t,t+1. 
(MacKenzie et al. 2004, 2006) 
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Table A6.2. Multi-season, two-species model fit and selection statistics for bush rats and black 
rats. Top six models for each of the four reintroduction sites. Describing probability of 
occupancy (ѱ), detection (p), colonisation (γ) and extinction (ε). 
Model AIC ΔQAIC 
AIC 
Weight 
Model 
Likelihood 
Parameter -2*LogLike 
Site 1 
ѱ(.) p(s) γ(.) ε(.) 1089.66 0.00 0.6417 1.0000 13 1063.66 
ѱ(s) p(s) γ(.) ε(.) 1091.22 1.56 0.2942 0.4584 13 1065.22 
ѱ(s) p(.) γ(.) ε(.) 1095.71 6.05 0.0312 0.0486 10 1075.71 
ѱ(.) p(.) γ(.) ε(s) 1102.17 12.51 0.0012 0.0019 51 1000.17 
ѱ(s) p(.) γ(s) ε(.) 1105.08 15.42 0.0003 0.0004 51 1003.08 
ѱ(.) p(.) γ(s) ε(.) 1106.38 16.72 0.0002 0.0002 51 1004.38 
Site 2 
ѱ(s) p(.) γ(.) ε(.) 1047.53 0.00 0.3738 1.0000 10 1027.53 
ѱ(s) p(.) γ(s) ε(.) 1048.37 0.84 0.2456 0.6570 51 946.370 
ѱ(.) p(s) γ(.) ε(.) 1057.24 9.71 0.0029 0.0078 13 1031.24 
ѱ(s) p(.) γ(.) ε(s) 1059.38 11.85 0.0010 0.0027 51 957.380 
ѱ(.) p(.) γ(.) ε(s) 1065.53 18.00 0 0.0001 51 963.530 
ѱ(.) p(.) γ(s) ε(.) 1073.18 25.65 0 0 51 971.180 
Site 3 
ѱ(s) p(s) γ(s) ε(.) 1443.63 0.00 0.5141 1.0000 54 1335.63 
ѱ(.) p(s) γ(s) ε(.) 1443.78 0.15 0.4769 0.9277 54 1335.78 
ѱ(.) p(.) γ(s) ε(s) 1454.02 10.39 0.0029 0.0055 92 1270.02 
ѱ(s) p(s) γ(s) ε(s) 1454.92 11.29 0.0018 0.0035 95 1264.92 
ѱ(.) p(s) γ(s) ε(s) 1456.01 12.38 0.0011 0.0020 95 1266.01 
ѱ(.) p(s) γ(.) ε(.) 1460.39 16.76 0.0001 0.0002 13 1434.39 
Site 4 
ѱ(s) p(s) γ(.) ε(.) 1528.46 0.00 0.4994 1.0000 13 1502.46 
ѱ(s) p(.) γ(.) ε(.) 1541.99 13.53 0.0006 0.0012 10 1521.99 
ѱ(.) p(.) γ(.) ε(s) 1558.13 29.67 0 0 51 1456.13 
ѱ(s) p(.) γ(s) ε(.) 1560.00 31.54 0 0 51 1458.00 
ѱ(s) p(s) γ(.) ε(s) 1563.98 35.52 0 0 54 1455.98 
ѱ(s) p(s) γ(s) ε(.) 1564.61 36.15 0 0 54 1456.61 
Factors in the models (s) = occupancy, detection, colonisation or extinction varies with 
trapping session, (.) = constant occupancy, detection, colonisation or extinction (i.e. not 
affected by time). For each model Delta Akaike information criterion terms (ΔQAIC) represent 
the difference in AIC between model 1 and subsequent models. Parameter is the number of 
estimated parameters in the model. The number of parameters and the -2*LogLike (twice the 
negative log-likelihood) were used to calculate likelihood ratio tests for comparing the fit of 
models. 
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Table A6.3. Model outputs from multi-season, two-species occupancy models for bush rats and 
black rats in four reintroduction sites. Output describing occupancy (ѱ), co-occurrence (ϕ), 
colonisation (γ) and extinction (ε) probabilities with standard errors (SE). ‘A’ represents black 
rat, ‘B’ represents bush rat. Outputs are shown for models that were within two ΔAIC of the 
most supported model. 
SITE 1 MODEL 1: ѱ(.) p(s) γ(.) ε(.) 
ѱ A SE ѱ B SE Φ SE  γ SE  ε SE 
0.11 0.07 0.80 0.11 1.12 0.39 γ AB 0.15 0.03 ε AB 0.30 0.05 
      γ Ab 0.15 0.03 ε Ab 0.30 0.05 
      γ BAA 0.15 0.03 ε BAA 0.30 0.05 
      γ BAa 0.15 0.03 ε BAa 0.30 0.05 
      γ BaA 0.15 0.03 ε BaA 0.30 0.05 
      γ Baa 0.15 0.03 ε Baa 0.30 0.05 
SITE 1 MODEL 2: ѱ(s) p(s) γ(.) ε(.) 
ѱ A SE ѱ B SE ϕ SE  γ SE  ε SE 
0.19 0.10 1.00 0.00 2.26 1.59 γ AB 0.10 0.03 ε AB 0.26 0.05 
      γ Ab 0.10 0.03 ε Ab 0.26 0.05 
      γ BAA 0.10 0.03 ε BAA 0.26 0.05 
      γ BAa 0.10 0.03 ε BAa 0.26 0.05 
      γ BaA 0.10 0.03 ε BaA 0.26 0.05 
      γ Baa 0.10 0.03 ε Baa 0.26 0.05 
SITE 2 MODEL 1: ѱ(s) p(.) γ(.) ε(.) 
ѱ A SE ѱ B SE ϕ SE  γ SE  ε SE 
0.62 0.13 1.00 0.00 1.06 0.13 γ AB 0.31 0.06 ε AB 0.42 0.07 
      γ Ab 0.31 0.06 ε Ab 0.42 0.07 
      γ BAA 0.31 0.06 ε BAA 0.42 0.07 
      γ BAa 0.31 0.06 ε BAa 0.42 0.07 
      γ BaA 0.31 0.06 ε BaA 0.42 0.07 
      γ Baa 0.31 0.06 ε Baa 0.42 0.07 
SITE 2 MODEL 2: ѱ(s) p(.) γ(s) ε(.) 
ѱ A SE ѱ B SE ϕ SE  γ SE  ε SE 
0.13 0.00 0.99 0.00 7.78 0.00 γ AB 0.42 0.11 ε AB 0.62 0.06 
      γ Ab 0.29 0.09 ε Ab 0.62 0.06 
      γ BAA 0.46 0.20 ε BAA 0.62 0.06 
      γ BAa 0.20 0.15 ε BAa 0.62 0.06 
      γ BaA 0.35 0.03 ε BaA 0.62 0.06 
      γ Baa 0.05 0.05 ε Baa 0.62 0.06 
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SITE 3 MODEL 1: ѱ(s) p(s) γ(s) ε(.) 
ѱ A SE ѱ B SE ϕ SE  γ SE  ε SE 
0.00 0.00 1.00 0.00 3.83 1.70 γ AB 0.47 0.10 ε AB 0.40 0.04 
      γ Ab 0.47 0.20 ε Ab 0.40 0.04 
      γ BAA 0.43 0.00 ε BAA 0.40 0.04 
      γ BAa 0.39 78.86 ε BAa 0.40 0.04 
      γ BaA 0.14 0.00 ε BaA 0.40 0.04 
      γ Baa 0.35 14.48 ε Baa 0.40 0.04 
SITE 3 MODEL 2: ѱ(.) p(s) γ(s) ε(.) 
ѱ A SE ѱ B SE ϕ SE  γ SE  ε SE 
0.00 0.00 1.00 0.00 3.83 3.67 γ AB 0.50 1.04 ε AB 0.40 0.04 
      γ Ab 0.47 0.19 ε Ab 0.40 0.04 
      γ BAA 0.43 0.00 ε BAA 0.40 0.04 
      γ BAa 0.43 2.82 ε BAa 0.40 0.04 
      γ BaA 0.14 0.00 ε BaA 0.40 0.04 
      γ Baa 0.35 0.51 ε Baa 0.40 0.04 
SITE 4 MODEL 1: ѱ(s) p(s) γ(.) ε(.) 
ѱ A SE ѱ B SE ϕ SE  γ SE  ε SE 
0.23 0.09 0.82 0.10 0.95 0.24 γ AB 0.35 0.05 ε AB 0.26 0.06 
      γ Ab 0.35 0.05 ε Ab 0.26 0.06 
      γ BAA 0.35 0.05 ε BAA 0.26 0.06 
      γ BAa 0.35 0.05 ε BAa 0.26 0.06 
      γ BaA 0.35 0.05 ε BaA 0.26 0.06 
      γ Baa 0.35 0.05 ε Baa 0.26 0.06 
See Table A6.1 for parameter descriptions for γ and ε for multi-season, two-species occupancy 
model. 
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Table A6.4. Model outputs from multi-season, two-species occupancy models for bush rats and 
black rats in four reintroduction sites. Output describing season (s), detection (p), detection 
with both species present (r) and co-detection (δ) probabilities with standard error (SE). ‘A’ 
represents black rat, ‘B’ represents bush rat. Outputs are shown for models that were within 
two ΔAIC of the most supported model. 
SITE 1 Model 1: ѱ(.) p(s) γ(.) ε(.) 
s p A SE p B SE r A SE r B SE δ SE 
1 0.33 0.05 0.33 0.05 0.33 0.05 0.33 0.05 0.49 0.12 
2 0.28 0.05 0.28 0.05 0.28 0.05 0.28 0.05 0.39 0.10 
3 0.47 0.04 0.47 0.04 0.47 0.04 0.47 0.04 0.89 0.15 
4 0.36 0.06 0.36 0.06 0.36 0.06 0.36 0.06 0.56 0.15 
5 0.45 0.05 0.45 0.05 0.45 0.05 0.45 0.05 0.83 0.18 
6 0.07 0.03 0.07 0.03 0.07 0.03 0.07 0.03 0.08 0.04 
7 0.32 0.08 0.32 0.08 0.32 0.08 0.32 0.08 0.46 0.18 
8 0.06 0.03 0.06 0.03 0.06 0.03 0.06 0.03 0.06 0.03 
SITE 1 Model 2: ѱ(s) p(s) γ(.) ε(.) 
s p A SE p B SE r A SE r B SE δ SE 
1 0.24 0.04 0.24 0.04 0.24 0.04 0.24 0.04 0.31 0.06 
2 0.22 0.04 0.22 0.04 0.22 0.04 0.22 0.04 0.29 0.07 
3 0.47 0.04 0.47 0.04 0.47 0.04 0.47 0.04 0.88 0.15 
4 0.35 0.06 0.35 0.06 0.35 0.06 0.35 0.06 0.54 0.13 
5 0.45 0.05 0.45 0.05 0.45 0.05 0.45 0.05 0.82 0.18 
6 0.08 0.03 0.08 0.03 0.08 0.03 0.08 0.03 0.08 0.04 
7 0.33 0.08 0.33 0.08 0.33 0.08 0.33 0.08 0.50 0.19 
8 0.06 0.03 0.06 0.03 0.06 0.03 0.06 0.03 0.07 0.04 
SITE 2 Model 1: ѱ(s) p(.) γ(.) ε(.) 
s p A SE p B SE r A SE r B SE δ SE 
1 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
2 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
3 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
4 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
5 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
6 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
7 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
8 0.37 0.05 0.01 0.03 0.08 0.02 0.32 0.06 0.32 0.22 
SITE 2 Model 2: ѱ(s) p(.) γ(s) ε(.) 
s p A SE p B SE r A SE r B SE δ SE 
1 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
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2 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
3 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
4 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
5 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
6 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
7 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
8 0.44 0.04 0.50 0.08 0.11 0.03 0.31 0.04 0.33 0.22 
SITE 3 Model 1: ѱ(s) p(s) γ(s) ε(.) 
s p A SE p B SE r A SE r B SE δ SE 
1 0.29 0.04 0.29 0.04 0.29 0.04 0.29 0.04 0.41 0.08 
2 0.40 0.04 0.40 0.04 0.40 0.04 0.40 0.04 0.66 0.11 
3 0.40 0.04 0.40 0.04 0.40 0.04 0.40 0.04 0.66 0.11 
4 0.35 0.05 0.35 0.05 0.35 0.05 0.35 0.05 0.54 0.12 
5 0.34 0.07 0.34 0.07 0.34 0.07 0.34 0.07 0.52 0.16 
6 0.44 0.06 0.44 0.06 0.44 0.06 0.44 0.06 0.77 0.20 
7 0.40 0.06 0.40 0.06 0.40 0.06 0.40 0.06 0.66 0.17 
8 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
SITE 3 Model 2: ѱ(.) p(s) γ(s) ε(.) 
s p A SE p B SE r A SE r B SE δ SE 
1 0.29 0.04 0.29 0.04 0.29 0.04 0.29 0.04 0.41 0.08 
2 0.40 0.04 0.40 0.04 0.40 0.04 0.40 0.04 0.66 0.11 
3 0.40 0.04 0.40 0.04 0.40 0.04 0.40 0.04 0.66 0.11 
4 0.35 0.05 0.35 0.05 0.35 0.05 0.35 0.05 0.54 0.12 
5 0.34 0.07 0.34 0.07 0.34 0.07 0.34 0.07 0.51 0.16 
6 0.42 0.06 0.42 0.06 0.42 0.06 0.42 0.06 0.74 0.17 
7 0.40 0.06 0.40 0.06 0.40 0.06 0.40 0.06 0.67 0.17 
8 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
SITE 4 Model 1: ѱ(s) p(s) γ(.) ε(.) 
s p A SE p B SE r A SE r B SE δ SE 
1 0.30 0.05 0.30 0.05 0.30 0.05 0.30 0.05 0.43 0.10 
2 0.34 0.04 0.34 0.04 0.34 0.04 0.34 0.04 0.53 0.10 
3 0.43 0.04 0.43 0.04 0.43 0.04 0.43 0.04 0.76 0.11 
4 0.27 0.05 0.27 0.05 0.27 0.05 0.27 0.05 0.38 0.09 
5 0.16 0.04 0.16 0.04 0.16 0.04 0.16 0.04 0.19 0.05 
6 0.31 0.05 0.31 0.05 0.31 0.05 0.31 0.05 0.45 0.11 
7 0.31 0.05 0.31 0.05 0.31 0.05 0.31 0.05 0.45 0.11 
8 0.14 0.03 0.14 0.03 0.14 0.03 0.14 0.03 0.17 0.05 
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7.1 TRANSLOCATION CRITERIA AND SUCCESS 
With increasing habitat loss, fragmentation, urbanisation and introduced species 
comes the loss of ecosystem viability and function (Griffith et al. 1989; Watson and 
Watson 2015). Adding to the pressure is rapid climate change, possibly the most 
significant threat, changing ecosystems too quickly for natural repair (King 2004). 
Due to these factors, restoration of ecosystems and free-ranging populations 
cannot be achieved through natural dispersal and recruitment alone, thus, 
translocation is an increasingly used tool for conservation management of wild 
populations (Tear et al. 1993; Griffith et al. 1989; Ricketts and Imhoff 2003; 
Vitousek et al. 1997; Sutton 2015; Seddon 2010).  
Reintroduction is relatively new within the broader context of conservation and 
has only become a commonly used scientific tool within the past 40 years, as such, 
there are no definitive guidelines for best practice (Sarrazin and Barbault 1996; 
Seddon et al. 2007; Robert et al. 2015). Wildlife translocations and reintroductions 
are complex, expensive, and time-consuming, often meaning that many of them 
fail to establish viable populations (Griffith et al. 1989; Dodd and Seigel 1991; 
Clark and Westrum 1989; Kleiman 1989; Seddon et al. 2007; Short et al. 1992; 
Short 2009; Gibson et al. 1994; Moseby et al. 2011). The low success rate has been 
attributed to inadequate knowledge of species-specific behaviour, poor release 
site selection, environmental pressures, predation, competition and stress 
(Dickens et al. 2010; Short 2009; Moseby et al. 2011; Sutton 2015; Griffith et al. 
1989).  
Monitoring populations after reintroduction is important to identify the success 
or potential causes for failure, to adapt and improve management strategies 
(Mihoub et al. 2011; Griffith et al. 1989; Kleiman 1989; IUCN 1998; Fischer and 
Lindenmayer 2000; Ewen and Armstrong 2007; Seddon et al. 2007; Armstrong 
and Seddon 2008; Sheean et al. 2012). Ideally, successful translocation is indicated 
by the ability of the translocated, or augmented population, to become self-
sustaining, free-ranging and viable in the long term (Griffith et al. 1989; Fischer 
and Lindenmayer 2000; IUCN 1998). More specifically, common criteria that are 
used to assess stages of successful translocation include: 1. Survival and growth of 
individuals: i.e. a defined proportion of released individuals would increase in 
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body size or body condition. Meaning that there is suitable habitat and suggesting 
that stress for the translocated animal is minimal (Miller et al. 2014). 2. Evidence 
of reproduction: i.e. verifying the detection of recruits in the translocated 
population (Sarrazin and Barbault 1996; Seddon 1999). Meaning that animals are 
able to reach breeding condition, find mates, and find suitable nesting sites (Miller 
et al. 2014). 3. Population growth: i.e. capturing more animals than were initially 
released (including founders) in a defined monitoring period. Meaning that there 
is evidence of breeding by second or third generation animals (IUCN 1998; 
Moseby et al. 2011; Miller et al. 2014). 4. Viable population: i.e. consistently high 
number of individuals caught in each monitoring period (more than released), and 
juvenile animals regularly observed. Meaning that population size is stable and 
recruitment is successful; the population is persisting without intervention 
(Seddon 1999; Wolf et al. 1998; Moseby et al. 2011). 
7.1.1 Key Findings 
The Bush Rat Project was the first study to reintroduce a native species into 
Sydney Harbour National Parks (SHNP) in an attempt to restore the ecosystem 
and reduce invasive species populations. Three main elements that may influence 
the reintroduction process were examined; properties of the individuals, 
behaviour/social structure, and competition. To assess these elements and the 
success of bush rat translocation the following were examined: population 
dynamics and survival, movement behaviour and establishment, population 
genetics, and biological control of an invasive species via competition.  
Success of translocation in this study can be shown through site fidelity, body 
condition, habitat suitability and reproduction. In the initial stages (within the first 
year), populations of bush rats had established on all sites and juvenile 
recruitment occurred, indicating survival, growth and evidence of reproduction. 
Over the entire study period bush rats persisted in three of the four sites but the 
remaining numbers were low (less than the numbers released), thus maintaining 
a viable, self-sustaining population would be difficult. Although animals remained 
after three or four generations (2011 to 2014) long-term persistence could be 
affected by major environmental change or demographic stochasticity if 
populations remain small (Short 2009). It has been shown that residual bush rats 
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in habitat fragments, even a small population, are usually the ones to recover and 
re-establish populations following extinction rather than by immigration (Holland 
and Bennett 2010; Lindenmayer et al. 2005; Banks et al. 2016). This means that 
with the removal of limiting factors even small numbers of bush rats establishing 
on sites could be enough to create a population (Greene et al. 2016). Because there 
was no original population in SHNP the study relied on population growth of 
translocated bush rats, and due to translocation pressures did not create a viable 
population. 
Genetic analysis was complimentary to trapping, adding data that would have 
otherwise been missed.  It helped detect bush rats that were not trapped and had 
dispersed after translocation, as they had produced offspring in other locations. 
The verification of subsequent generations being recruited allowed confirmation 
of successful breeding, rather than trapped individuals potentially coming from 
immigration. Bush rat spatial relatedness in this study was consistent with 
previous studies; proximate bush rats are more genetically alike than more distant 
animals, with high degree of relatedness amongst animals captured close together. 
That is, the closer the bush rats were caught at the source sites, the more likely it 
was that they would be related. Translocation of intact social groups has also been 
shown to increase success rates of reintroductions in some instances (Shier and 
Owings 2006; Bennett et al. 2012). However, social familiarity was not necessary 
for bush rats to survive and stay on the release site, there was equal chance that 
all animals would disperse.  
There was some indication that sex influenced site success. Sites that retained and 
recruited more females persisted for longer. Females will sustain the population 
in the release area even if the males disperse. Site 4 was considered the most 
successful site, it also retained the most females and produced the highest number 
of offspring, 29% of which were female. Female establishment is a critical 
component of demographic viability of small populations. Reintroduction studies 
that have a small proportion of females fail in 50 to 80% of cases (Mihoub et al. 
2011). 
Site fidelity can be seen as an indicator of successful translocation (Sullivan et al. 
2004; Bertolero and Oro 2009; Griffith et al. 1989; Miller et al. 1999). Bush rat 
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movement was greater when compared to earlier research, indicating site fidelity 
was affected by translocation (Peakall et al. 2006; Wood 1971; Banks et al. 2011b). 
Animals were dispersing extensive distances, resulting in poor juvenile 
recruitment and population growth on release sites. It is most likely a flight 
response due to the stress of being released into an unfamiliar environment. Low 
densities of conspecifics will also lead to larger ranges because of difficulty in 
finding suitable mates in low density populations (Stephens et al. 1999; Mihoub et 
al. 2011; Bosé et al. 2007). However, the smaller the establishment phase, the less 
likely the bush rat would survive after three months. This seems contradictory to 
previous findings (Daly et al. 1990; Metzgar 1967; Norrdahl and Korpimäki 1998; 
Letty et al. 2000), but it could mean that the animals that moved further and more 
often were more likely to survive. Instead of reducing predation exposure, limited 
movement may increase risks due to the accumulation of odorous wastes that are 
attractants for potential predators (Banks et al. 2002; Banks et al. 2000). Bush rats 
were unfamiliar with the area, therefore unfamiliar with predators, competition 
and resources. Survival rate may have improved over time due to increased 
juvenile local experience, such as safe sources of food and escape routes from 
predators (Banks et al. 2002; Russell et al. 2010; Sakai and Noon 1997; Bakker 
2006; Bright and Morris 1994; Russell et al. 2010). Site 3 females moved the 
greatest distances, this could indicate that resources in the site were insufficient. 
Territory separation was unlikely because breeding success was relatively low. 
However, Banks et al. (2016) found that dispersal of females increased during 
recovery of a population after fire, contrasting with the usual male-biased 
dispersal. This behavioural adaptation can potentially increase recovery rates of 
small populations, making bush rats an excellent species for translocation. 
Another indicator of successful translocation is the ability of translocated animals 
to find mates and reproduce (Berry 1986; Pedrono and Sarovy 2000; Griffith et al. 
1989; Wolf et al. 1996; Nussear et al. 2012). The bush rats released in SHNP were 
polygamous with both sexes sharing offspring with multiple partners. But there 
was no clear indication of a structured female or male breeding hierarchy in the 
populations; where a small number of animals produce the majority of offspring. 
This is unusual for bush rats (Woodside 1983), however, translocation and 
dispersal could have influenced the structured hierarchy. The establishment of a 
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new hierarchy after translocation may have allowed more females to breed in a 
closer proximity to each other. Average female home ranges in this study were 
larger than what is typically expected, and the majority of the mothers had 
offspring in the same release area. This indicates that the females were tolerating 
each other and allowing home range/breeding overlap. This could also indicate 
the re-establishment of a hierarchy with multiple females breeding at once, as the 
first female to breed is usually the dominant in the area (Woodside 1983). 
Vertebrate social systems are not necessarily fixed. Many species are socially 
flexible in response to spatial or temporal variations in the environment and is not 
often attributable to any single factor (Lott 1984, 1991; Travis et al. 1995; 
Streatfeild et al. 2011; Schradin and Pillay 2005; Moehlman 1998; Randall et al. 
2005). With continued observation of these populations it may have been 
observed that the system stabilised overtime, returning to a hierarchical state. Or, 
if the system stayed in a polygamous non sex-biased dispersal system, this would 
mean bush rats have a fluid social structure that can adapt to changing 
environments. This type of adaptation could increase chances of translocation 
success, making it an ideal species for studies into translocation. 
Body condition of released individuals is also used as an indicator of translocation 
success (Bertolero and Oro 2009; Pinter-Wollman et al. 2009). Site 4 had the most 
animals with low body condition and significantly lower average body weight, but 
it also had the greatest site fidelity and recruitment. Male bush rats with high BCI 
are potentially in good breeding condition, which would also mean they would 
disperse to look for mates and territory, in turn reducing numbers of animals 
remaining on site. Further, older, heavier and possibly more dominant individuals 
could be negatively affected by handling and translocation. There was no 
indication of stress reducing bush rat immunity (virus detection did not affect 
survival), but acute stress has been shown to impact socially dominant individuals 
(Letty et al. 2000). Therefore, translocation fitness could be negatively correlated 
with previous social ranking and age (Creel et al. 1996; Letty et al. 2000). Another 
consideration is that bush rats usually have a lifespan of 12 to 15 months and 
larger individuals may be at the end of their lifespan (Warneke 1971; Wood 1971). 
It has been found that younger Beach Mice (Peromyscus polionotus trissyllepsis) 
had higher survival rate than their older counterparts after reintroduction 
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(Greene et al. 2016). Thus, it could be beneficial to choose younger individuals for 
the translocation process. These factors make weight a difficult but important 
element to consider. This suggests that before translocation researchers need to 
look at species-specific behaviours that are linked to weight and body condition, 
for example dominance, territoriality and breeding age. 
Competition is an important element in the success of translocation. If 
translocated animals are encountering exploitation or interference competition, 
the chance of survival could be significantly diminished (Richards and Short 2003; 
Short et al. 1992; Schoener 1983; Glen and Dickman 2005; Sih et al. 1985). If 
resources are separated, competition theory predicts two competing species can 
coexist, if there is no separation and the two species are within the same ecological 
niche, competitive exclusion predicts one species will exclude or eliminate the 
other (Gause 1934; Hardin 1960). The findings of this study indicate interspecific 
avoidance, meaning both species (bush rats and black rats) are temporally 
segregated; occupying the same area but avoiding spaces where the other was 
previously detected. Meaning the two species are coexisting and partitioning 
microhabitat. Bush rats were more likely to occupy traps than black rats, and the 
detection of one species was affected by the other. Habitat and resource 
partitioning are complementary mechanisms for interspecific coexistence; but 
only if the site has adequate resources to support both species. In previous studies 
competitive dominance between two similar sympatric rodents was shown to be 
site-specific and not species-specific. Even with strong competition, if the area is 
spatially and/or temporally heterogeneous, it could still support species 
coexistence (Hutchinson 1961: cited in Harris et al. 2006). Different species of 
rodents in the same habitat, with similar life history traits, will partition resources 
spatially and temporally in order to coexist. There was lower occupancy of black 
rats after the bush rat introduction, however, bush rat numbers remained low so 
they did not take up residency in the sites. Other factors, like colonisation ability, 
still need to be considered to discover all of the mechanisms behind the resulting 
population structures. Greater numbers of bush rats may be needed for adequate 
competition, thus, future reintroductions to replenish resident bush rat 
populations could help translocation success and invasive species control.  
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Habitat suitability and use is very important in determining translocation success 
(Rittenhouse et al. 2008; Griffith et al. 1989; Wolf et al. 1996; Richards and Short 
2003). Species considered for reintroduction may lack their original habitat types 
or lack unaltered habitat (e.g. due to human land use), it is essential for successful 
reintroductions to find suitable environments that can meet a species’ habitat 
requirements (Schmitz et al. 2015). Bush rats favour areas with dense, structurally 
diverse vegetation and high litter cover (Watts and Aslin 1981; Holland and 
Bennett 2010; Kraaijeveld-Smit et al. 2007; Moro 1991). This was supported in 
this study, as there were positive correlations between habitat complexity and 
bush rat numbers. Quadrant cover (QC), canopy height, soil moisture, leaf litter 
depth and plant ground cover were all important to bush rat survival. Whereas, 
bare ground coverage had a negative relationship with bush rat occupancy. 
Quadrant cover would increase chances of survival for bush rats unfamiliar with 
the area, as it is the degree of concealment that microhabitats provide from visual 
predators or competition (Glen et al. 2010).  
Site 4 was comparatively the most successful site – with the highest recapture rate, 
juvenile recruitment, resident individuals and females (both adult and juveniles. 
It was also the site with significantly lower BCI (<1) and significantly higher 
Quadrant Cover (QC). These two qualities could be considered as important for a 
successful translocation, but because the population declined over time further 
support is required. Larger studies with continued monitoring need to be 
implemented to help in evaluating future success of the populations. Trapping in 
larger areas (outside of trapping grids) and extending the radio tracking period 
may have shown bush rat persistence and whether the effect of the translocation 
is limited to a certain time period after release. Continued monitoring may have 
indicated whether bush rats are able to adapt to a changing environment and be 
flexible with social structure to regain population density. Further genetic testing 
could also lead to a better understanding of social structures and mating systems. 
Continued removal of black rats from the system may allow bush rats to establish 
territories, increasing population densities and possibly indicating whether 
interspecific competition is a viable option for the control of invasive species in 
SHNP. The sites in this study are too new, therefore more introductions to stabilise 
population would assist bush rat persistence if changes in the environment occur. 
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This is supported by other studies that have shown that repeated releases of large 
numbers of individuals were generally required to successfully establish a 
translocated population and create a self-sustaining ecosystem where minimal 
intervention is required (Veit and Lewis 1996; Dolev et al. 2002; Mihoub et al. 
2011; Moseby et al. 2011; Griffith et al. 1989; Wolf et al. 1996). 
7.2 CONSERVATION OF COMMON SPECIES 
Ecosystem restoration assumes that with repair of habitat structure and increase 
of resource availability, animals will progressively return (Palmer et al. 1997). 
This is true for more mobile species in less fragmented landscapes (Huxel and 
Hastings 1999), but many animals are either unable or unwilling to cross highly 
fragmented systems created by urbanisation and development (Craig et al. 2012; 
Vergnes et al. 2013). Translocations and reintroductions are useful tools to 
recover these dispersal-limited animals. 
Traditionally, ecological restoration has sought to return ecosystems to pre-
disturbance states (Hobbs and Cramer 2008). Restoration ecologists are now 
starting to manage ecosystem function, focusing on establishing characteristics 
for a resilient system (Hobbs et al. 2006; Harris et al. 2006; Seastedt et al. 2008) 
to enable persistence of viable self-sustaining populations in future environments 
(Choi 2007; Seddon 2010). All species interact with other species both directly 
and indirectly, through mechanisms such as predation, competition, mutualism, 
facilitation and herbivory. The outcomes of such interactions are among the major 
factors that shape ecological communities and in turn create ecosystem function 
(Hunter et al. 2015). 
The restoration of ecosystem functions and processes has recently been discussed 
as rewilding (Louys et al. 2014; Donlan 2005). Rewilding is a form of conservation 
that involves reintroducing or returning species or populations to their historical 
range (areas where they became extinct in recent history, hundreds of years ago 
or less) (Louys et al. 2014; Donlan 2005).  This active management and 
reintroduction of species has become more common; leading to species 
assemblages functioning independently, without further interference (Ritchie 
2013; Louys et al. 2014; Donlan 2005; Fortin et al. 2005). Wildlife restoration is 
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another form of conservation that has been suggested by Watson and Watson 
(2015). Wildlife restoration complements the concept of rewilding, but instead of 
using large, keystone species, it uses locally abundant, common species that are 
dispersal-limited and may help restore ecosystem function. Translocation for 
conservation purposes is often targeted at rare or endangered species (Armstrong 
and Seddon 2008; Watson and Watson 2015). Wildlife restoration relies on 
information gleaned from translocations of rare or endangered animals and 
applies it to free living individuals of common species. Common species are 
disproportionately important in ecosystem structure and function (Gaston 2010). 
Thus, declines in their abundance and distribution can lead to loss of less common 
species and ecosystem function (Watson and Watson 2015). Wildlife restoration 
and thus ecosystem function can be restored to ecosystems that are biodiversity 
poor or have a high element of invasive species. Wildlife restoration increases the 
functional diversity of remnant habitats, making them more resistant to invasion 
(Atkinson 1996; Courchamp et al. 2003; Watson and Watson 2015). As well as 
being far more cost-effective than reactive management in reversing declines, this 
proactive approach also helps to determine underlying mechanisms that are 
required for successful translocation, thus, producing best practice for the 
reintroduction of rarer species (Bright and Morris 1994; Watson and Watson 
2015).  
Bush rat reintroduction into SHNP uses the wildlife restoration concept to 
reintroduce a common species to restore ecosystem function, increase 
biodiversity and attempt to control invasive species. Bush rats are good 
candidates for translocation and reintroduction, because they are adaptable and 
not endangered, therefore can be safely used for multiple reintroductions (Watts 
and Aslin 1981; Peakall and Lindenmayer 2006). Bush rats existed in SNHP as 
recently as 100 years ago (Banks et al. 2011a) and have conspecifics close by in 
comparable habitats (Cox et al. 2000). They can be sourced from original sites and 
usually display a rapid population recovery (Lindenmayer et al. 2005; Watts and 
Aslin 1981; Peakall and Lindenmayer 2006). Therefore bush rat characteristics 
make them ideal for investigating translocation, colonisation, recovery and 
competition, within a fragmented habitat (Lindenmayer et al. 2005; Holland and 
Bennett 2011).  
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The decline of native species in SHNP was chiefly due to anthropogenic effects and 
urbanisation (DEWHA 2009). Other possible reasons include intraspecific 
competition, resource availability, predation and disease (DEWHA 2009). 
Allowing the reintroduction of native species could make SHNP an independently 
functioning ecosystem (Fortin et al. 2005; Ripple et al. 2001; Louys et al. 2014). If 
native species are given the chance to re-establish, biodiversity within the area 
would increase and invading species would be less capable of returning to the site 
(Stokes et al. 2009b; Stokes et al. 2012), restoring ecosystem function (Fortin et 
al. 2005; Ripple et al. 2001; Hunter et al. 2015).  
Reintroducing strongly interactive species helps reduce the effects of invasive 
species or fills niches that are dominated by suites of invasive species (Hunter et 
al. 2015). Bush rats will replace a demographically similar (but potentially more 
destructive) species, black rats (Watts and Braithwaite 1978; Braithwaite and 
Gullan 1978; Cox et al. 2000). Black rats that are known to negatively impact 
native species and can impede the restoration of ecosystem functions (Atkinson 
1996; Courchamp et al. 2003; Banks and Hughes 2012; Blackburn et al. 2004; 
Jones et al. 2008; DSEWPC 2011). By returning bush rats, functional diversity and 
ecosystem service provision could be augmented, thereby reducing the likelihood 
of colonisation by invasive species (Watson and Watson 2015). Wildlife 
restoration via bush rats creates a situation in which less resources need to be 
invested in ecological management, as the environment will eventually be capable 
of self-maintenance. Thus, creating a self-sustaining ecosystem that does not 
require further interventions. By reintroducing locally-extirpated animals into 
modified landscapes, wildlife restoration is a proactive approach that will 
maintain biodiversity, ecosystem function and avoid future species decline.  
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